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A bs tra c t
The anomalous e m is s io n  p r o p e r t i e s  o f  i n d o l e  have been  
examined in  terms o f  th eory  and exper im ent .  P re v io u s  a t tem p ts  to  
e x p l a i n  the e x c i t e d - s t a t e  ch em is try  o f  in d o l e  are  c l a s s i f i e d  and 
d i s c u s s e d  in  terms o f  four t h e o r i e s :  1) dual  e m i s s i o n ,  2 ) e x c i t e d
s t a t e  complex,  3) s o l v e n t  r e o r i e n t a t i o n ,  and 4) e x c i t e d - s t a t e  proton  
t r a n s f e r .  A new th e o r y ,  i s o m e r i z a t i o n  to 3H - in d o le ,  i s  proposed .
The a b s o r p t i o n  and e m is s io n  s p e c t r a  o f  i n d o l e ,  1 -m e th y l in d o le  
(1MI),  2 - m e t h y l in d o le  (2MI), 3 -m e th y l in d o le  (3MI),  and 2 - e t h o x y i n d o l e  
(2EI) in  p o la r  and nonpolar s o l v e n t s  have been measured. S o lv en t  
e f f e c t s  on the r a t e  o f  in t e r s y s t e m  c r o s s i n g  in  i n d o l e  are p resen ted  
as  changes in  the quantum y i e l d  o f  phosphorescence  r e l a t i v e  to  
f l u o r e s c e n c e .  These changes have been i n t e r p r e t e d  in  terms o f  
i s o m e r i z a t i o n  o f  in d o l e  to  3H-indole  in  the e x c i t e d  s t a t e .  This  model 
has been shown to  be c o n s i s t e n t  w i th  p r e v io u s  o b s e r v a t i o n s  o f  anomalous  
f l u o r e s c e n c e  e m is s io n  from i n d o l e .
Attempts to  conf irm t h i s  i n t e r p r e t a t i o n  by photochemica l
rearrangement o f  1- m e t h y l i n d o l e ,  nmr s o l v e n t  s t u d i e s  o f  in d o le  and
3- m e t h y l i n d o l e ,  la ser-raman s p e c tr o s c o p y  o f  in d o le  and f lu o r e n e  and
an exam inat ion  o f  the  a b s o r p t i o n  and e m is s io n  p r o p e r t i e s  o f
2 - e t h o x y i n d o l e  are p r e s e n te d .  The laser-ram an spectrum o f  in d o l e  and
the p h o t o e l c c t r o n  s p e c tr a  o f  i n d o l e ,  1MI, 2MI and 3MI are in c luded
i x
CNDO/2 c a l c u l a t i o n s  are  used to  compare e x c i t e d - s t a t e
energy l e v e l s  f o r  in d o le  and 3H - in d o le ;  3H-indole  i s  p r e d ic te d  to
have an S s t a t e  as  the lo w e s t  e x c i t e d  s i n g l e t  s t a t e .  The nTT*
p r e d i c t e d  s t a t e  o rd ers  and energy l e v e l s  o f  in d o le  and 3H-indole  
are  compat ib le  w i th  the proposed th eo ry .
x
Chapter I
Theory and L i t e r a t u r e  Survey
INDOLE
A. I n tr o d u c t i o n
In the l a s t  decade s p e c t r o s c o p i s t s  have shown c o n s i d e r a b l e  
i n t e r e s t  in  the m olec u le  i n d o l e .  I t  i s  b i o l o g i c a l l y  important because  
i t  i s  the  chromophore o f  tryptophan,  one o f  the th r e e  amino a c i d s  e x ­
h i b i t i n g  lu m inescence  in  the  f r e e  s t a t e .  I t  has been a n t i c i p a t e d  th a t  
an unders tanding  o f  the e x c i t e d  s t a t e  ch em is try  o f  i n d o l e  would lead  
to  an in c r e a se d  unders tanding  o f  tryptophan and p r o t e i n  r e a c t i o n s .
I n d o le  a l s o  has i n t r i n s i c  s p e c t r o s c o p i c  i n t e r e s t .  S evera l  
anomalous e f f e c t s  have been ob served ,  p r im a r i ly  as a f u n c t i o n  o f  s o l ­
v e n t  v a r i a t i o n :  1) In do le  f l u o r e s c e n c e  was found to  d i s p l a y  a la r g e
s h i f t  to  lower energy  ("red s h i f t " )  w i th  i n c r e a s i n g  s o l v e n t  p o l a r i t y ;  
2) a s o l v e n t  Induced l o s s  o f  v i b r a t i o n  s t r u c t u r e  in  the f l u o r e s c e n c e  
spectrum was re p o r te d ;  3) a change in the l i f e t i m e  w i t h i n  the
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f l u o r e s c e n c e  band was noted ;  4) an abnormal f l u o r e s c e n c e  quenching has  
been observed on c o o l i n g  to  l i q u i d  n i t r o g e n  (LIN) tem perature;  5) c o r ­
resp on d ing  e f f e c t s  in  the a b s o r p t io n  spectrum have been minimal or 
c o m p le te ly  a b s e n t .  The e f f e c t s  l i s t e d  above im p l ied  an e x c i t e d  s t a t e  
r e a c t i o n  induced by the s o l v e n t  such th a t  the ground s t a t e  remained  
u n a f f e c t e d .
The p r e s e n t  s tudy was undertaken in  an attempt t o  d i s c e r n  the  
nature  o f  t h i s  r e a c t i o n .
B. A bsorpt ion  and Emiss ion  Spectroscopy
In e a r l i e r  s t u d i e s  Van Duuren^ observed pronounced s h i f t s  in  
the f l u o r e s c e n c e / e m i s s i o n  maxima o f  in d o l e  w i th  a change in  s o l v e n t s .  
Since  s i m i l a r  s h i f t s  did  not  occur in  e i t h e r  the  f l u o r e s c e n c e  e x c i t a ­
t i o n  or the u l t r a v i o l e t  (UV) a b s o r p t i o n  s p e c t r a ,  he concluded th e r e  was 
an i n t e r a c t i o n  between s o l v e n t  and the a c t i v a t e d  ( e x c i t e d )  in d o le  
m olec u le  but not between s o l v e n t  and the ground s t a t e  m o le c u le .  To 
account  fo r  the i n t e r a c t i o n  Van Duuren proposed th a t  p o la r  c o n t r i b u t i n g  
mesomeric s t a t e s  o f  in d o le  such as I and I I  made a la r g e r  c o n t r i b u t i o n  




Such p o la r  s t r u c t u r e s  would be more s e n s i t i v e  to changes in s o l v e n t  
d i e l e c t r i c  c o n s ta n t  and would account  f o r  the pronounced s o l v e n t  s h i f t  
observed in the f l u o r e s c e n c e  but not in  the  a b s o r p t i o n .  Hydrogen
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bonding was e l i m i n a t e d  because  the  s o l v e n t  s h i f t s  observed  in  the case
o f  1 , 2- d i m e t h y l i n d o l e  and l - m e t h y l - 2- p h e n y l i n d o l e  were s i m i l a r  to the
s o l v e n t  s h i f t s  observed  in  i n d o l e s  not s u b s t i t u t e d  on the n i t r o g e n  atom
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About the  same t im e ,  Zimmerman and Joop measured the ab­
s o r p t i o n  and f l u o r e s c e n c e  p o l a r i z a t i o n  s p e c t r a  and i d e n t i f i e d  bands in
3 1terms o f  the P l a t t  model.  They reported  th a t  the  t r a n s i t i o n  was
p o l a r i z e d  in  the  d i r e c t i o n  o f  the long m olec u lar  a x i s  and th a t  the  
t r a n s i t i o n  p e r p e n d ic u la r  to  the a long  the sh ort  m olecu lar  a x i s .
From a c a r e f u l  comparison o f  the a b s o r p t i o n  and the f l u o r e s c e n c e  p o l a r ­
i z a t i o n  s p e c t r a ,  they  concluded that  the f l u o r e s c e n c e  o r i g i n a t e d  p r i ­
m a r i ly  from the  s t a t e  but t h a t  i t  was p o s s i b l e  a p o r t i o n  o f  the
f l u o r e s c e n c e  a l s o  o r i g i n a t e d  from the  s t a t e .  Moreover,  they  found
th a t  the 0 -0  bands o f  the a b s o r p t i o n  and the  a b s o r p t i o n  were
c l o s e l y  a d ja c e n t  and n e a r l y  d e g e n e r a te .  I t  was a l s o  shown th a t  the ab­
s o r p t i o n  and f l u o r e s c e n c e  p o l a r i z a t i o n  s p e c tr a  behaved as image and 
mirror image in  a r e g io n  e x t e n d in g  over  s e v e r a l  e l e c t r o n i c  s t a t e s .
i
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These r e l a t i o n s  are  shown in  f i g -
FP, f l u o r e s c e n c e  p o l a r i z a t i o n .
A, a b s o r p t i o n ;  F, f l u o r e s c e n c e ;
ure 1 as  taken from r e f e r e n c e  2 .
AP, a b s o r p t io n  p o l a r i z a t i o n ;
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They proposed t h a t  i f  i t  was v a l i d  to  i n t e r p r e t  the and as  d i s ­
t i n c t  e l e c t r o n i c  t r a n s i t i o n s  then  one must assume t h a t  the f l u o r e s c e n c e  
r e s u l t e d  from both  o f  t h e s e  s t a t e s .
The s o l v e n t  e f f e c t  on the  f l u o r e s c e n c e  e m is s io n  o f  c a r b a z o le  
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led  Mataga, e t  a i .  t o  conclude t h a t  the l o w e s t  e x c i t e d  s t a t e  o f  c a r ­
b a z o le  has a much g r e a t e r  tendency  toward i o n i c  d i s s o c i a t i o n  than does  
the ground s t a t e .  The s i m i l a r  s o l v e n t  e f f e c t s  observed in  the  c a s e  o f  
in d o l e ,  im p l ied  t h a t ,  in i n d o l e ,  th e r e  i s  a g r e a t e r  tendency  toward the  
i o n i c  d i s s o c i a t i o n  > N-H N + H+ in  the lo w e s t  e x c i t e d  s i n g l e t  s t a t e  
than in  th e  ground s t a t e .
For i n d o l e ,  th ey  observed  the  s o l v e n t  s h i f t  o f  the a b s o r p t i o n  
spectrum was v e r y  small  in  go in g  from cyc loh exan e  to  a c e t o n i t r i l e  to  
w ater .  In c o n t r a s t ,  they  observed  th e  f l u o r e s c e n c e  e m is s io n  g r e a t l y  
red s h i f t e d  in  g o in g  from cyc loh exan e  to a c e t o n i t r i l e  to  w ater .  This  
s h i f t  was a t t r i b u t e d  to  a la r g e  in c r e a s e  o f  d i p o l e  moment in the e x c i t e d  
s t a t e  and a g r e a t e r  s t a b i l i z a t i o n  caused by s o l v e n t - s o l u t e  i n t e r a c t i o n s  
in  the e q u i l i b r i u m  f l u o r e s c e n t  s t a t e  than in  the ground or Franck-  
Condon e x c i t e d  s t a t e s .
More d e t a i l e d  s t u d i e s  showed th a t  as  the e th a n o l  c o n c e n t r a t i o n  
in c r e a se d  in  g o in g  from hexane up t o  a s o l v e n t  th a t  was 8 . 2  M e t h a n o l  
in hexane,  the band d ecre a se d  in  i n t e n s i t y  and a broad band a r o s e  
at  longer  w ave len gth .  Here th ere  i s  e v i d e n c e  fo r  one band d i s a p p e a r in g  
and another  ap p ear in g .  This long  w ave len g th  broad band f u r t h e r  s h i f t e d  
to the red as  the c o n c e n t r a t i o n  o f  a l c o h o l  was i n c r e a s e d .  To e x p l a i n  
th e s e  o b s e r v a t i o n s  Mataga proposed th a t  the s t a t e  o f  i n d o l e  has a
cl
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la r g e  d i p o l e  moment and i s  s t r o n g l y  s t a b i l i z e d  by the i n t e r a c t i o n  o f
s o l u t e  w i t h  surrounding p o la r  m o le c u l e s .  In t h i s  c a s e  i t  could  become
the  lo w e s t  e x c i t e d  s i n g l e t  s t a t e  during  the  r a d i a t i o n l e s s  r e l a x a t i o n
from the Franck-Condon to  the e q u i l i b r i u m  e x c i t e d  s t a t e .  Evidence  fo r
a two component f l u o r e s c e n c e  decay curve and o th e r  examples o f  r e v e r s a l
o f  and ^L, s t a t e s  during the l i f e t i m e  o f  the e x c i t e d  s t a t e  werea b
o f f e r e d  in  support o f  t h i s  th e o r y .  Mataga did not i n d i c a t e  whether a 
Franck-Condon s t a t e  r e l a x e d  to  an e q u i l i b r i u m  s t a t e  or whether
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a Franck-Condon ^L, s t a t e  r e la x e d  t o  an e q u i l i b r i u m  "̂L s t a t e .  Whanb n a
s o l v e n t - s o l u t e  e q u i l i b r a t i o n  i s  important to  the o r d e r in g  o f  the e x c i ­
ted s t a t e  e n e r g i e s ,  then  e x c i t a t i o n  exp er im en ts  are e s s e n t i a l  to  de­
termine the r e l a x a t i o n  r o u t e s .
A f t e r  the b eg in n in g  o f  our work, an e x t e n s i v e  d i s c u s s i o n  was 
made a v a i l a b l e  by the t r a n s l a t i o n  from the Russ ian  o f  a book by Konev."* 
Konev p o in ted  out th a t  the a b s o r p t i o n  and f l u o r e s c e n c e  s p e c tr a  o f  i n ­
d o le  in  hexane do not e x h i b i t  mirror symmetry. C arb azo le ,  in  which
the and ^L, bands are w e l l  s e p a r a te d ,  was found to  have p e r f e c t l y  a b
symmetrica l  s p e c t r a .  According to Konev, absence  o f  such symmetry in  
i n d o l e ,  in which the and ^L, t r a n s i t i o n s  are  c l o s e  t o g e t h e r ,  i n d i -3 D
c a t e s  th a t  two e l e c t r o n i c  t r a n s i t i o n s  are  in v o lv e d  in  th e  long  wave­
le n g t h  band o f  the a b s o r p t i o n  and f l u o r e s c e n c e  s p e c t r a .
When 1 -b u ta n o l  was g r a d u a l l y  added to  hexane s o l u t i o n s  o f  
i n d o l e ,  an i s o s b e s t i c  p o in t  was found in  the s e r i e s  o f  a b s o r p t i o n  
s p e c t r a .  He s u g g es te d  th a t  t h i s  p o in t  a ro se  from the s p e c tr a  o f  two 
forms o f  i n d o l e ,  an u n a s s o c i a t e d  form and a form bound to  the a l c o h o l
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by a hydrogen bond. He found the bands o f  the  f i r s t  a b s o r p t i o n  
t r a n s i t i o n  to  be s h i f t e d  through d i f f e r e n t  d i s t a n c e s .  The s h o r t  wave­
l e n g t h  maxima were red s h i f t e d  through 700 cm  ̂ whereas the long-wave  
maxima were s h i f t e d  o n ly  150 cm The g r e a t e r  s h i f t  o f  the  short -w ave  
maxima (^L ) i n d i c a t e d  t h a t  th e  correspon d in g  o s c i l l a t o r s  were
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o r i e n t e d  a lo n g  th e  sh ort  m o lec u la r  a x i s  becau se  the  form at ion  o f  a 
hydrogen bond has a g r e a t e r  e f f e c t  on e l e c t r o n i c  t r a n s i t i o n s  f o r  which  
the  d i r e c t i o n  o f  the  moment p a s s e s  through the  s u b s t i t u e n t .
S im i la r  o b s e r v a t i o n s  in  th e  case  o f  the  f l u o r e s c e n c e  
e m is s io n  spectrum confirmed t h a t  the f l u o r e s c e n c e  a l s o  i n v o l v e s  two 
e l e c t r o n i c  t r a n s i t i o n s  and not the s i n g l e  t r a n s i t i o n  t h a t  i s  re s p o n ­
s i b l e  f o r  the f l u o r e s c e n c e  in  the case  o f  the  m a j o r i t y  o f  o th e r  o r g a n ic  
m o l e c u l e s .  A d d i t io n  o f  a l c o h o l  reduced the  i n t e n s i t y  o f  the short-wave  
maximum and s h i f t e d  i t  o n l y  s l i g h t l y .  The lo n g e r  w ave len gth  maxima 
became more pronounced and s h i f t e d  g r e a t l y .
Organic m o le c u l e s  in c a p a b le  o f  hydrogen bonding u s u a l l y  show 
the  same f l u o r e s c e n c e  maxima i n  hydrocarbon or a l c o h o l .  In the case  
o f  s u b s ta n c e s  capable  o f  hydrogen bonding,  the  bond form at ion  i s  
g e n e r a l l y  accompanied by a s h i f t  in  the t o t a l  spectrum and no change in  
i t s  shape.  In the  case  o f  i n d o l e ,  Konev found t h i s  s h i f t  accompanied  
by an a d d i t i o n a l  e f f e c t ,  the d isap pearan ce  o f  the short -wave  f l u o ­
r e s c e n c e  band. He proposed t h a t  the  hydrogen bond was a p p a r e n t ly  
formed w i th  two d i f f e r e n t  e l e c t r o n i c a l l y  e x c i t e d  m o le c u l e s  and s h i f t e d  
t h e i r  s p e c tr a  by d i f f e r e n t  amounts.  Konev concluded th a t  bond 
form at ion  would have the g r c u t e s t  e f f e c t  on the e x c i t e d  s t a t e  i n v o l v i n g
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t r a n s i t i o n  p o l a r i z e d  a lon g  the  n i' .rogen-hydrogen  a x i s  ( L ) .  Thus,
s o l v e n t  s t a b i l i z a t i o n  r e s u l t s  i n  the 0 -0  l e v e l  o f  the s t a t ea
becoming th e  lo w e s t  e x c i t e d  l e v e l .  In p o l a r - p r o t i c  s o l v e n t s  the  
energy  d i f f e r e n c e  becomes so g r e a t  th a t  in d o l e  c e a s e s  to  be " p e cu l ia r"  
and b e g in s  to  lu m in esce  o n ly  from the  lo w e s t  e l e c t r o n i c  l e v e l ,  the
The d e c r e a s e  in  the i n t e n s i t y  o f  th e  band i s  c o n s i s t e n t  w i th  
t h i s  model.
In a d d i t i o n  to  hydrogen bond form at ion ,  s o l v e n t  r e l a x a t i o n  
e f f e c t s  were a l s o  im p l i c a t e d  in  the s h i f t .  According to  Konev's  
r a t i o n a l e  some o r i e n t a t i o n  o f  p o la r  m o le c u l e s  o c c u r s  around i n d o l e  in  
th e  ground s t a t e .  S in ce  the  d i p o l e  moment i s  a l t e r e d  in  magnitude  
and d i r e c t i o n  upon co n v ers io n  t o  the Franck-Condon e x c i t e d  s t a t e ,  the  
s t r e n g t h  and geometry o f  i n t e r a c t i o n  w i t h  n e a r e s t  s o l v e n t  m o le c u le s  i s  
changed.  When the r e l a x a t i o n  t ime i s  on the order  o f  the  l i f e t i m e  o f  
the e x c i t e d  s t a t e ,  e m is s io n  can occur from a s e t  o f  e x c i t e d  m o le c u le s  
caught in  d i f f e r e n t  s t a g e s  o f  i n t e r a c t i o n  w i t h  s o l v e n t  m o l e c u l e s .  Th is  
l e a d s  to a g e n e r a l  broadening o f  the spectrum and asymmetric band 
shapes .
In a d d i t i o n  to  s p e c i f i c  i n t e r a c t i o n s  between m o le c u l e s  o f  
in d o l e  and one or s e v e r a l  s o l v e n t  m o le c u l e s  (hydrogen bonding and 
s o l v e n t  r e l a x a t i o n ) ,  Konev co n s id ered  lon g  range i n t e r a c t i o n s .  In t h i s  
c o n s i d e r a t i o n ,  the bulk  p r o p e r t i e s  o f  the  s o l v e n t  such as  d i e l e c t r i c  
c o n s ta n t  are  important .  The e f f e c t s  o f  lon g  range i n t e r a c t i o n s  were  
observed  by a red s h i f t  in  the  case  o f  1 , 3 - d i m e t h y l i n d o l e  which cannot  
form hydrogen bonds.
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In a s e r i e s  o f  p ap ers ,  Walker,  e_t a_l.^’ ^ ’ ^’  ̂ p rov ided  a 
d i f f e r e n t  a n a l y s i s .  They were unable  to  r e l a t e  the  e x t e n t  o f  
f l u o r e s c e n c e  s h i f t  to  s o l v e n t  d i p o l e  moment by assuming any 
re a s o n a b le  e x c i t e d - s t a t e  moment o f  i n d o l e .  They found t h a t  the  
maximum s h i f t  occurred  a t  an a l c o h o l  c o n c e n t r a t i o n  so low t h a t  i t  
had a n e g l i g i b l e  e f f e c t  on the  s o l v e n t  d i e l e c t r i c  c o n s t a n t .  As a 
r e s u l t  they  su gges ted  t h a t  a s p e c i f i c  s o l v e n t - s o l u t e  e x c i t e d - s t a t e  
complex ( " e x c i p l e x " )  was r e s p o n s i b l e  fo r  the red s h i f t  in  th e  e m is s io n .
Walker,  et: a l .  c la im  t h a t  th e  f l u o r e s c e n c e  e m i s s i o n  from 
mixed s o l v e n t s  c o n s i s t s  o f  a s t r u c t u r e d  e m is s io n  band c h a r a c t e r i s t i c  
o f  nonpolar s o l v e n t s  and a s t r u c t u r e l e s s  band c h a r a c t e r i s t i c  o f  
e m is s io n  in  pure p o la r  s o l v e n t s .  To them, t h i s  mixture  o f  e m i s s i o n s  
im pl ied  th a t  d i f f e r e n t  ground s t a t e s  are  a s s o c i a t e d  w i t h  the two bands.  
The broad band a r i s e s  from a complexed e x c i t e d  in d o l e  undergoing a 
t r a n s i t i o n  to a ground s t a t e  in  which the  complex i s  d i s s o c i a t i v e .
The s t r u c t u r e d  band a r i s e s  from uncomplexed i n d o l e .  The r a t i o  o f  band 
i n t e n s i t i e s  was p r e d i c t e d  t o  be a f u n c t i o n  o f  s o l v e n t  co m p o s i t io n .  
S t u d i e s  o f  the e m is s io n  from two s o l v e n t  systems were made; one system  
was one in  which the  p o la r  s o l v e n t  i s  s e l f - a s s o c i a t i n g  and the  o th e r  
system was one in  which the  p o la r  s o l v e n t  i s  n o n a s s o c i a t i n g .  With 
a s s o c i a t i n g  s o l v e n t s ,  r e s u l t s  f o r  i n d o l e ,  1- m e t h y l i n d o l e  and 
1 , 3- d i m e t h y l i n d o l e  were c o n s i s t e n t  w i t h  the  form at ion  o f  1 :2  e x c i t e d  
s t a t e  complexes.  A 1:1 complex was i n d i c a t e d  o n ly  in  the c a s e  o f  
n o n a s s o c i a t i n g  s o l v e n t s .
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The f a c t  th a t  s i m i l a r  r e s u l t s  were observed  i n  the case  o f  the  
1 s u b s t i t u t e d  i n d o l e s  and in d o l e  and the f a c t  th a t  the  n i t r o g e n  atom o f  
i n d o l e  i s  e l e c t r o n  d e f i c i e n t  in  the lo w es t  e x c i t e d  s t a t e  a p p a r e n t ly  
exc lu ded  the p o s s i b i l i t y  o f  hydrogen bonding.  The au th ors  found no 
c o r r e l a t i o n  between the f l u o r e s c e n c e  s h i f t  and s o l v e n t  d i p o l e  moment; 
the lack  o f  c o r r e l a t i o n  p r e c l u d e s  s p e c i f i c  d i p o l e - d i p o l e  i n t e r a c t i o n .
From f l u o r e s c e n c e  l i f e t i m e  and quantum-yie ld  s t u d i e s  on 
i n d o l e  and m e t h y l i n d o l e s ,  Walker,  e t  a l . r e p o r t  a temperature-independent  
and a temperature-dependent  quenching p r o c e s s .  The l a t t e r  p r o c e s s  
has a la r g e  a c t i v a t i o n  energy .  S im i l a r  b eh av ior  o f  in d o l e  and 
1-m e t h y l in d o le  i s  used as e v id e n c e  to  ex c lu d e  the p o s s i b i l i t y  th a t  
quenching i n v o l v e s  a change in  p r o t o n a t io n  o f  the in d o le  n i t r o g e n  
atom. This  c o n c l u s io n  i s  in  d isagreem ent  w i t h  the c o n c l u s io n  o f  
S try er  which w i l l  be p resen ted  below. The a u th o rs  a l s o  do not c o n s i d e r  
p o s s i b l e  p r o to n a t io n  a t  o th e r  p o s i t i o n s  on the r i n g  as  be ing  resp on­
s i b l e  f o r  quenching,  even though an in c r e a s e  in  the charge d e n s i t y  on 
the  2 and 3 p o s i t i o n s  in  the  f i r s t  e x c i t e d  s t a t e  has been n o t e d . ^
By comparing c a l c u l a t e d  and observed  t r a n s i t i o n  moments, 
Walker,  e t  a l . s u g g e s t  th a t  the ^A t r a n s i t i o n  i s  r e s p o n s i b l e
f o r  f l u o r e s c e n c e  in  non -po lar  s o l v e n t s .  Although they  a t t r i b u t e  the  
f l u o r e s c e n c e  in  p o la r  s o l v e n t  to  an e m i t t i n g  s p e c i e s  th a t  i s  no 
lon ger  i n d o l e ,  a c o r r e l a t i o n  o f  the e m is s io n  w i th  the  c a l c u l a t e d  
t r a n s i t i o n  d i p o l e  moment s u g g e s t s  t h a t  the e m i t t i n g  s t a t e  o f  the  
e x c i p l e x  c o n t a in s  a g r e a t e r  p ro p o r t io n  o f  ^La than They s t a t e
th at  th ere  may be a s t a t e  i n v o l v i n g  mix ing  of  the and a chargefl
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t r a n s f e r  s t a t e .  Their p roposa l  i s  th a t  complex format ion  i s  due to  
c h arge -r eson an ce  s t a b i l i z a t i o n  in  which e x c i t e d  i n d o l e  s e r v e s  p r i ­
m a r i ly  as  donor and the p o la r  s o l v e n t  as  a c c e p t o r .  Although a 
q u a n t i t a t i v e l y  c o n s i s t e n t  d e s c r i p t i o n  o f  the e x c i t e d - s t a t e  b ehav ior  
o f  1 -m e th y l in d o le  i s  p r e s e n t e d ,  i t  i s  s i g n i f i c a n t  to  note th a t  the  
a u th o rs  f e e l  th a t  in d o le  r e q u i r e s  a more com p l ica ted  i n t e r p r e t a t i o n .
In c o n t r a s t  to  the  c o n c l u s i o n  by Walker,  e t  a l ■ th a t  changes  
in  p r o to n a t io n  o f  the n i t r o g e n  are unimportant in  the case  o f  i n d o l e ,  
S t r y e r ^  has reached the o p p o s i t e  c o n c l u s i o n .  His c o n c l u s i o n s  have 
been based on the deuter ium i s o t o p e  e f f e c t s  on the f l u o r e s c e n c e  y i e l d  
o f  i n d o l e .  S t r y e r  has observed  a l a r g e  deuter ium i s o t o p e  e f f e c t  on 
f l u o r e s c e n c e  e m is s io n  s p e c tr a  and quantum y i e l d s  o f  chromophores  
which r e a d i l y  p a r t i c i p a t e  in  p r o t o n - t r a n s f e r  r e a c t i o n s .  Chromo­
phores  not in vo lve d  in  p r o t o n - t r a n s f e r  r e a c t i o n s  dur ing  the e x c i t e d  
s t a t e  are expected  by S tr y e r  to show s i m i l a r  quantum y i e l d s  and 
e m i s s i o n  s p e c tr a  in  ^ 0  and D2O. The D2O/H2 O quantum y i e l d  o f
1-rae th y l in do le  i s  1 . 0 9 ;  o f  i n d o l e ,  1 . 2 9 .  This  l a r g e  e f f e c t  o f  D2O on 
the  f l u o r e s c e n c e  i s  i n t e r p r e t e d  in  terms o f  an i s o t o p e  e f f e c t  on the  
r a t e  o f  proton t r a n s f e r  during  the e x c i t e d - s t a t e  l i f e t i m e .  I f  the  
chromophore c o n t a in s  a proton-donor group and o n ly  the u n io n iz e d  
s p e c i e s  i s  f l u o r e s c e n t  ( i n d o l e ) , the i s o t o p e  e f f e c t  i s  ex p res s ed  as a 
change in  quantum y i e l d .  Emiss ion  from the un- ion ized  s p e c i e s  competes  
w ith  the quenching r e a c t i o n  (pro ton  t r a n s f e r )  the  r a t e  o f  which i s  
f a s t e r  in ^ 0  than D2O. Rutes o f  p r o t o n - t r a n s f e r  r e a c t i o n s  on the  
order  of  10^ s e c   ̂ have been r e p o r t e d . ^  I t  i s  l i k e l y  th a t  p a r t i a l
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proton  t r a n s f e r  t o  some in t e r m e d i a t e  s p e c i e s  d u r in g  the l i f e t i m e  o f  
the e x c i t e d  s t a t e  would cause s i m i l a r  quenching.
However, F o r s t e r  and R o ko s^  p o in te d  out examples i n  which  
a l a r g e  i s o t o p e  e f f e c t  i s  observed when th e r e  i s  no mobile  proton .
They assume th a t  a s o l u t e - s o l v e n t  i n t e r a c t i o n  i n v o l v i n g  a co u p l in g  
between the e l e c t r o n i c  motion of  the  d i s s o l v e d  m o lec u le  and the  
n u c le a r  motion o f  one or more s o l v e n t  m o le c u le s  i s  d i r e c t l y
r e s p o n s i b l e  fo r  i n t e r n a l  co n v e r s io n .
12Longworth measured the f l u o r e s c e n c e  o f  1 , 2 - d i m e t h y l i n d o l e
- 4a t  a c o n s ta n t  c o n c e n t r a t i o n  (1 x 10 M) in  3 -m ethy lpentane  (3MP) 
c o n t a i n i n g  v a r y in g  amounts o f  2 -p rop an ol .  At 298°K, an i s o e m i s s i v e  
p o in t  i s  observed in  a s e r i e s  o f  f l u o r e s c e n c e  s p e c t r a  as  the a l c o h o l  
c o n c e n t r a t i o n  i s  i n c r e a s e d .  No change i s  observed in  the a b s o r p t i o n  
s p e c tr a  o f  a s i m i l a r  s e r i e s .  He a t t r i b u t e d  the i s o e m i s s i v e  p o in t  to  
a two component e q u i l i b r iu m .  F urth er ,  he was unable to  o b t a in  rep ro ­
d u c i b l e  r e s u l t s  ( i s o e m i s s i v e  p o i n t s  o f  s t o i c h i o m e t r i e s )  u n l e s s  the
2-propanol  has been d r ie d  o f  water  w i th  C a ^ .  With dry 2 -propanol  a 
s e r i e s  o f  i n d o l e s  was found to  e x h i b i t  a 1:1 s t o i c h i o m e t r y  w i th  the  
a l c o h o l .  Th is  i s  in  d isagreement  w i th  the 1:2  e x c i p l e x  concept  
rep orted  by Walker.
Longworth s t a t e s  th a t  in c r e a s i n g  th e  v i s c o s i t y  and low er ing  
the temperature should su press  the  e x c i p l e x  form at ion  because a 
c o l l i s i o n  i s  r e q u ir e d .  The f l u o r e s c e n c e  o f  1 , 2 - d i m e t h y l i n d o l e  was 
measured a t  77°K in 3MP and in the p resen ce  o f  0 .1  M isoprop an o l  in  3MP. 
Because t h e s e  f l u o r e s c e n c e s  are found to  d i f f e r  he con c lu d es  that
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th e r e  must s t i l l  be an i n t e r a c t i o n  between the a l c o h o l  and the
1 . 2 - d i m e t h y l i n d o l e  at  77°K. He found th at  i n d o l e  i t s e l f  in  pure 3MP
a t  77°K has a b s o r p t i o n  and f l u o r e s c e n c e  s p e c tr a  i d e n t i c a l  w i th  those
in  2 -propanol (0.1M) g l a s s  a t  77°K. He a t t r i b u t e s  the  f a c t  th a t
t h e s e  s p e c t r a  are i d e n t i c a l  t o  a g g r e g a t i o n  o f  the  i n d o l e  th a t  does
not occur when th e r e  i s  a methyl group on the n i t r o g e n .
13E i s i n g e r  and Navon have a l s o  q u es t io n ed  the  i n t e r p r e t a t i o n  
o f  Walker,  e t  a l . and have su ggested  th a t  the  maximum s h i f t  observed  
a t  a l c o h o l  c o n c e n t r a t i o n s  th a t  are so low th a t  th ey  have n e g l i g i b l e  
e f f e c t  on the s o l v e n t  d i e l e c t r i c  c o n s ta n t  could be e x p la i n e d  i f  the  
c o n c e n t r a t i o n  o f  a l c o h o l  in  the in d o le  s o l v e n t  s h e l l  i s  much g r e a t e r  
than th a t  in  the bulk  s o l v e n t .
In t h e i r  work a red s h i f t  was found when tryptophan and
1 . 2- d i m e t h y l i n d o l e  in e t h y l e n e  g l y c o l : w a t e r  ( 1 :1) were s tu d ie d  as  a 
f u n c t i o n  o f  temperature  ra th e r  than o f  c o n c e n t r a t i o n .  The s h i f t  i s  
con t in u ou s  and no i s o e m i s s i v e  p o i n t s  were found; t h i s  o b s e r v a t io n  
c o n t r a s t s  the r e s u l t s  o f  Longworth.  In the case  o f  i n d o l e ,  tryptophan,  
1-m ethy ltryptophan  and 1 , 2- d i m e t h y l i n d o l e , th ree  changes  are  noted as  
the temperature i s  lowered to  80°K. F i r s t ,  th e r e  i s  a b lue s h i f t
and development o f  v i b r a t i o n a l  s t r u c t u r e .  Second the f l u o r e s c e n c e  
quantum y i e l d  o f  each compound i n c r e a s e s  to  about 0 . 6 .  Most o f  t h i s  
in c r e a s e  occu rs  above the temperature a t  which the o th e r  s p e c t r a l  
changes o ccu r .  Third ,  no i s o t o p e  e f f e c t  i s  found a t  or  below the  
temperature a t  which the f l u o r e s c e n c e  quantym y i e l d  approaches  a 
co n s ta n t  v a l u e .  F urther  ev id e n c e  was p resen ted  to  show th a t  the
13
n o n r a d ia t iv e  decay i s  not g r e a t l y  changed as  a r e s u l t  o f  s o l v e n t  
r e o r i e n t a t i o n .
E i s i n g e r  and Navon su g g e s t e d  th a t  the s o l v e n t  s h i f t  was 
caused by a low er in g  o f  the e x c i t e d - s t a t e  energy  th a t  r e s u l t s  from 
the r e o r i e n t a t i o n  o f  surrounding s o l v e n t  m o le c u l e s .  This  lo w er in g  in  
energy  could be due to  the  e x c i t e d - s t a t e  d i p o l e  moment or could  have 
s u b t l e r  c a u s e s .  The amount o f  en ergy  low er in g  would depend on the  
number o f  s o l v e n t  m o le c u le s  th a t  could  r e o r i e n t  during  the l i f e t i m e  
o f  the e x c i t e d  s t a t e  and t h e r e f o r e  on the temperature  and v i s c o s  i t y  
o f  the s o l v e n t .  Emiss ion to  a n o n eq u i l ib r iu m  ground s t a t e  may a l s o  
be i n v o lv e d .
According to  t h e i r  model,  p o t e n t i a l  energy curves  o f  the  
e q u i l i b r i u m  ground s t a t e  and the  Franck-Condon e x c i t e d  s t a t e  are  
w e l l  s epara ted  in  energy .  I t  i s  proposed th a t  s o l v e n t  r e o r i e n t a t i o n  
would lower the e q u i l i b r i u m  e x c i t e d  s t a t e  energy .  F l u o r e s c e n c e  would 
be from t h i s  s t a t e  to  a n o n e q u i l ib r iu m  ground s t a t e .  These two 
p o t e n t i a l  energy  s u r f a c e s  could e i t h e r  c r o s s  or become c l o s e  enough  
to  permit t u n n e l i n g .  I f  e i t h e r  case  e x i s t s ,  then a more rapid  
n o n r a d ia t iv e  decay  i s  e x p e c te d .  T h is  scheme i s  f i t t e d  to t h e i r  
e x p er im en ta l  d a ta .
At low temperatures  no i s o t o p e  e f f e c t  was noted a l th o u g h  
S t r y e r ^ U had reported  a l a r g e  e f f e c t  a t  room temperature .  This  
d i s c r e p a n c y  was a t t r i b u t e d  to  the n e c e s s i t y  o f  s o l v e n t  an d /or  s o l u t e  
motion for  an i s o t o p e  e f f e c t  to  be observed .
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Lehrer con s id ered  the deuter ium i s o t o p e  e f f e c t  from the  
o p p o s i t e  v i e w p o i n t .  Whereas S tr y e r  s t u d i e d  the  e f f e c t  on i n d o l e  as  a 
deuteron  t r a n s f e r  from in d o le  to  the s o l v e n t ,  Lehrer p r e s e n te d  the  
p o s s i b i l i t y  th a t  i s o t o p e  e f f e c t s  could  a l s o  be caused by the d ecre a se d  
r a t e  o f  p roton  t r a n s f e r  from a quencher t o  i n d o l e .  T h is  t r a n s f e r  w i l l  
have a s i m i l a r  e f f e c t  in  t h a t  the  p ro ton ated  form o f  in d o l e  appears  to  
have reduced f l u o r e s c e n c e . ^
A l a t e r  paper by R i c c i ^  fu r t h e r  examined i s o t o p e  e f f e c t s  on 
quantum y i e l d s  and f l u o r e s c e n t  l i f e t i m e s  o f  i n d o l e ,  I7 , 3 - ,  and 
5- m e t h y l i n d o l e s ,  2 , 3 - d i m e t h y l i n d o l e ,  2 , 3 , 6- t r i m e t h y l i n d o l e , and 
tryptophan .  The r a d i a t i v e  r a te  c o n s ta n t  f o r  f l u o r e s c e n c e  e m is s io n  was 
found to  be the same ( 4 . 0 . 5  x 10  ̂ s e c  *) f o r  a l l  o f  the  compounds.  
This c o n s i s t e n c y  o f  r a te  c o n s t a n t s  led  to  the i n t e r p r e t a t i o n  t h a t  the  
TT-electronic systems undergoing e x c i t a t i o n  are e q u i v a l e n t  and that  
e m is s io n  occu rs  from comparable s o l v e n t  e q u i l i b r a t e d  s i n g l e t  e x c i t e d  
s t a t e s .  The r a t i o  o f  f l u o r e s c e n t  l i f e t i m e s  o f  each  o f  the  above  
compounds in  D2O and 1^0 was found to  be the same as  the r a t i o  o f  
f l u o r e s c e n c e  y i e l d s .  Accord ing to  R i c c i ,  the f a c t  th a t  t h e s e  r a t i o s  
are  the same i m p l i e s  th a t  the f l u o r e s c e n c e  r a te  c o n s t a n t  i s  the same 
in  H2O a s  in  D2O. For t h i s  r e a s o n ,  the d i f f e r e n c e s  in  f l u o r e s c e n c e  
quantum y e i l d s  and i s o t o p e  e f f e c t s  must be a t t r i b u t e d  to  v a r i a t i o n s  in  
the r a t e s  o f  n o n r a d ia t iv e  d e a c t i v a t i o n .
Two d i s t i n c t  quenching mechanisms are  s u g g e s t e d .  A smal l  
i s o t o p e  e f f e c t  i s  noted in  the case  o f  1 -m e th y l in d o le  in  which no 
i s o t o p i c  s u b s t i t u t i o n  i s  p o s s i b l e  on the  n i t r o g e n .  The n o n r a d ia t iv e
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decay o f  1 -rae th y l in do le  i n  Ĥ O i s  1 .19  t im es  a s  e f f i c i e n t  as  t h a t  o f  
1 -m e t h y l in d o le  i n  D2O. I t  i s  p o s t u l a t e d  t h a t  t h i s  mechanism i n v o l v e s  
t u n n e l i n g  in  which CH s t r e t c h i n g  v i b r a t i o n s  cou p le  w i th  the  OH or OD 
v i b r a t i o n s  of  the s o l v e n t .  D i s s i p a t i o n  o f  energy in  OD v i b r a t i o n s  i s  
l e s s  e f f i c i e n t  than OH v i b r a t i o n s ;  t h e r e f o r e  D2O i s  a l e s s  e f f e c t i v e  
quencher.
The o t h e r  compounds examined have a mobile  hydrogen and show 
a l a r g e r  r a t i o  o f  n o n r a d ia t iv e  r a t e  c o n s t a n t s  (k^ q/ ^ jj q) • Th is  
l a r g e r  r a t i o  observed in  t h e s e  compounds i s  a t t r i b u t e d  to  a second  
decay  path i n v o l v i n g  d e p r o to n a t io n  th a t  i s  c o m p e t i t i v e  w i th  the  
t u n n e l i n g  mode. As the number o f  methyl groups i n c r e a s e ,  the  
importance o f  OH co u p l in g  d e c r e a s e s .  The i s o t o p e  e f f e c t  i s  then  found 
to in c r e a s e  s i n c e  d e p r o to n a t io n  i s  more s e n s i t i v e  to  i s o t o p e  e f f e c t s .
I t  should be noted  th a t  a t  pH 7,  the i s o t o p e  e f f e c t  f o r  
tryptophan i s  one and one h a l f  t im es  l a r g e r  than t h a t  ex p ec te d  i f
3 - m e t h y l in d o le  i s  used as  a s tandard .  M e th y la t io n  o f  the in d o le  
n i t r o g e n  does  not a p p r e c i a b l y  reduce the i s o t o p e  e f f e c t  i n  tryptophan;  
t h i s  lac k  of  change in  i s o t o p e  e f f e c t  o f  N-raethyltryptophan i n d i c a t e s  
t h a t  the in d o le  N-H bond i s  not in v o lv e d .  I t  i s  proposed t h a t  the  
quenching r e a c t i o n  in v o lv e d  i s  a t r a n s f e r  o f  a proton  from the -NH^ 
group to the 2 - p o s i t i o n  on the in d o le  r i n g .  (Th is  p o s i t i o n  i s  more 
e l e c t r o n e g a t i v e  in  the f i r s t  e x c i t e d  s t a t e  than i t  i s  in  the ground 
s t a t e ^ ) .  The r e s u l t  i s  a n o n r a d ia t iv e  decay to  the ground s t a t e  v i a  
2H-tryptophan.
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A c o n t i n u a t i o n  o f  the d i s c u s s i o n  o f  the  n o n r a d i a t i v e
18d e a c t i v a t i o n  p r o c e s s  i s  provided by Kirby and S t e i n e r .  T heir  paper  
d e a l s  w i th  the e f f e c t s  o f  temperature  and s o l v e n t  com p os i t ion  on quan­
tum y i e l d s  and l i f e t i m e s .  In the  case  o f  in d o l e  in  w a ter ,  a f i v e  f o ld  
d e c r e a s e  in quantum y i e l d s  i s  observed in  go in g  from 5 to  50°C.
A n a l y s i s  shows that  the data cannot be r a t i o n a l i z e d  on the b a s i s  o f  
a s i n g l e  temperature-dependent  quenching p r o c e s s .  Assumption o f  a 
s im u ltan eou s  tem p era tu re- ind ep end ent  p r o c e s s ,  however,  a l l o w s  data  to  
be f i t t e d  to  two e x p o n e n t i a l  cu rves .  I t  i s  s u g g es te d  th a t  in  the  
case  o f  in d o l e  and w ater ,  e m is s io n  and the  r a d i a t i o n l e s s  d e - e x c i t a t i o n  
by the tem p erature - ind epen den t  p r o c e s s  are  about e q u a l l y  probab le .  The 
temperature-dependent  p r o c e s s  i n v o l v e s  an a c t i v a t i o n  energy o f  
1 2 .5  k c a l /m o l  and i s  approx im ate ly  1 .6  t im es  as  probable  as  e m is s io n  
a t  298°K.
The p r i n c i p a l  e f f e c t  noted on s u b s t i t u t i o n  o f  D2O for  ^ 0  i s  
a r e d u c t io n  in  the magnitude o f  the frequency  f a c t o r  o f  the  
temperature-dependent  p r o c e s s .  In the  case  o f  in d o le  in  nonaqueous  
s o l u t i o n s  the  temperature  dependence o f  quantum y i e l d s  i s  much l e s s  
than th a t  o f  in d o le  i n  w ater .  In w a t e r :methanol m ix t u r e s ,  i t  appears  
th a t  the a d d i t i o n  o f  methanol d e c r e a s e s  the p r o b a b i l i t y  o f  d e a c t i v a t i o n  
by the temperature-dependent  p r o c e s s  but does  not a f f e c t  the a c t i v a t i o n  
energy  or a l t e r  the p r o b a b i l i t y  of  the t em p eratu re - in d ep en d en t  p r o c e s s .  
S im i l a r  r e s u l t s  are  ob ta in ed  in  m ixtu res  o f  water  w i th  d io x a n e ,  
d im ethy l  s u l f o x i d e  and propylene  g l y c o l ;  t h e r e f o r e ,  i t  i s  assumed th at  
the observed  e f f e c t s  are not due to  a l t e r a t i o n  o f  the d i e l e c t r i c  
co n s ta n t  of  the medium.
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Weinryb has observed an enhanced f l u o r e s c e n c e  y i e l d  in  the  
case  o f  in d o l e  and tryptophan in  propylene  g l y c o l  compared w i t h  the  
y i e l d  in  methanol.  He a t t r i b u t e s  the  v a r i a t i o n  to the  h ig h e r  v i s c o s i t y  
of  the propylene  g l y c o l  because the  s o l v e n t s  have s i m i l a r  f u n c t i o n a l  
groups and d i e l e c t r i c  c o n s t a n t s .
20In a d e t a i l e d  a r t i c l e ,  Song and Kurt in  c o n s id e r  in d o le
from ex p er im en ta l  r e s u l t s  based on p o l a r i z a t i o n  s t u d i e s  and t h e o r e t i c a l
r e s u l t s  based on P P P SCF MO-CI c a l c u l a t i o n s .  They i n t e r p r e t  t h e i r
data to  mean t h a t  dual e m is s io n  from the and ^L. s t a t e s  d e f i n i t e l ya b
occurs  in  both p o la r  ( g l y c e r o l - m e t h a n o l ) and r e l a t i v e l y  nonpolar (EPA) 
s o l v e n t s .
21In c o n t r a s t ,  DeLauder and Wahl r e c e n t l y  s tu d ie d  decay  
t im es  o f  in d o le  in  d io x a n e ,  water  methanol and cyc loh exan e  and found 
no e v id e n c e  o f  e m i s s i o n  from two e x c i t e d  s t a t e s .  In a
c y c lo h e x a n e :d io x a n e  mix ture  the  decay c o n s i s t e d  o f  a s i n g l e  e x p o n e n t ia l
whereas in  m e th a n o l : cyc loh exane  i t  d id  n o t .  They were unable to  f i t
the decay  curve e i t h e r  to  two f i x e d  l i f e t i m e s  or to  two v a r i a b l e
c o e f f i c i e n t s  r e l a t i n g  f r a c t i o n a l  c o n t r i b u t i o n s  o f  two s p e c i e s  to  the
t o t a l  f l u o r e s c e n c e  decay .  Basing t h e i r  theory  on e x c i p l e x  form at ion ,
they  conclude th a t  in  the c y c lo h e x a n e :d io x a n e  mix ture  the e x c i p l e x
reaches  e q u i l i b r iu m  w i t h i n  the  f l u o r e s c e n c e  l i f e t i m e .  In
m e th a n o l : c y c l o h e x a n e , e x c i p l e x  form at ion  competes w i th  e m is s io n .
22F e i t e l s o n  has reported  th at  in  u l t r a v i o l e t  i r r a d i a t e d  
s o l u t i o n s  o f  in d o le  in water a t  a c i d i c  pH, hydrogen atoms can be 
formed. These hydrogen atoms are produced in  a r e a c t i o n  between Ĥ  and
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s o l v a t e d  e l e c t r o n s  formed from the e x c i t e d - s t a t e  i n d o l e .  2-Propanol  
i s  used as  a scaven ger ,  and the  r e a c t i o n  i s  not observed  in the  
absence  o f  H i o n s .  I t  i s  proposed th a t  w i th o u t  the scaven ger ,  
r e a c t i o n s  l i k e  i n d o l e  + H • would be l i k e l y .  Arguments a g a i n s t
quenching o f  f l u o r e s c e n c e  by e l e c t r o n  t r a n s f e r  from in d o le  to  the
+
quenching s p e c i e s  are p r e s e n te d .  F lu o r e s c e n c e  quenching by H i s
a t t r i b u t e d  to  p r o to n a t io n  o f  e x c i t e d  i n d o l e  in  the 3 p o s i t i o n .
A d e layed  f l u o r e s c e n c e  e m is s io n  o f  b i p h o t o n i c  nature w i t h  a
23
t r i p l e t  s t a t e  in term ediary  has been observed  by A u b a i l l y ,  e£  a l .
The p r o c e s s  i n v o l v e s  a recom binat ion  o f  the e j e c t e d  e l e c t r o n s  with
the in d o le  c a t i o n s  formed by p h o t o i o n i z a t i o n  o f  t r i p l e t  i n d o l e .
There are two i n t e r e s t i n g  papers  th a t  d e a l  p r im a r i ly  w i th
24th e  a b s o r p t i o n  spectrum o f  i n d o l e .  H o l la s  i n t e r p r e t s  the a b s o r p t i o n
spectrum to  c o n s i s t  o n ly  o f  a l lowed  t t *  ♦ - t t  t r a n s i t i o n s .  Hot bands to
the  red o f  the 0 -0  band were observed when a gaseou s  sample was heated
to  100°C in  the sidearm o f  a 1 m c e l l .  The hotband ground s t a t e
v i b r a t i o n  th a t  has a frequency  o f  7 6 0 .6  cm  ̂ i s  i d e n t i f i e d  to be the
an a log  o f  the 7 1 7 .6  cm  ̂ frequency  in  the e x c i t e d  s t a t e .
25S t r i c t l a n d ,  ejt al .̂ compare the vapor a b s o r p t io n  spectrum  
o f  in d o le  a t  70° to  the s o l u t i o n  a b s o r p t i o n  s p e c tr a  in  m e t h y lc y c lo -  
hexane and p e r f l u o r i n a t e d  hexane.  The same s tudy was made in  the  
case  o f  3 - m e th y l in d o le  e x c e p t  th a t  the vapor  spectrum was measured at  
100°C. They s t a t e  that  some low energy  v i b r a t i o n s  are  e x c i t e d  
e x t e n s i v e l y  even in the ground e l e c t r o n i c  s t a t e .  It  i s  reported  th a t  
1 lie a d d i t i o n  o f  butanol to 3 -m e th y l ln d o le  in methy 1 eye I ohexane s h i f t s
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the 0 -0  band to the red s i d e  o f  the  0 -0  ^L, . A f t e r  v i b r a t i o n a l  a b
a n a l y s i s  o f  the a b s o r p t io n  s p e c t r a ,  th ey  make a ss ig n m en ts  o f  bands in
f l u o r e s c e n c e  e x c i t a t i o n  and e m is s io n  s p e c tr a  o f  i n d o l e  in  cyc lohexane
a t  77°K. T h e ir  ass ignm en ts  in c l u d e  two v i b r a t i o n a l  p r o g r e s s i o n s ,  one
i s  a s s o c i a t e d  w i th  a e x c i t e d  s t a t e  and the o th er  w i th  a ^L,a b
e x c i t e d  s t a t e .
Although some o f  the p rece d in g  papers  w i l l  be d i s c u s s e d  in  
more d e t a i l  l a t e r ,  two p o i n t s  should be mentioned now. F i r s t ,  th ere  
are four primary e x p l a n a t i o n s  advanced f o r  the b eh av ior  o f  i n d o le :  
a) dual e m is s io n  from and s t a t e s ,  b) the e x c i p l e x  th eory ,
c) a s o l v e n t  r e o r i e n t a t i o n  e f f e c t ,  and d) proton  t r a n s f e r .  In s p i t e  
o f  the a c t i v e  r e s e a r c h  r e p o r te d ,  the la c k  o f  agreement reached among 
authors  and some a p p a ren t ly  c o n t r a d i c t o r y  data  imply th a t  the  
e x c i t e d - s t a t e  chem is try  o f  in d o le  i s  complex i n  n a tu r e .  Second, w i th  
the p o s s i b l e  e x c e p t i o n s  o f  Konev and Song, th e r e  i s  a lm ost  complete  
n e g l e c t  o f  the invo lvement  o f  the  t r i p l e t  e x c i t e d  s t a t e  in  the  
c o n s i d e r a t i o n  o f  t h i s  problem. This  f a i l u r e  to  c o n s id e r  the  t r i p l e t  
s t a t e  i s  e s p e c i a l l y  true  in  t h e i r  d i s c u s s i o n s  o f  s o l v e n t  and 
temperature e f f e c t s  on f l u o r e s c e n c e  y i e l d s .
C. Indole  Rearrangement
In the p reced in g  s e c t i o n  the anomalous e f f e c t s  observed  in  
the luminescence  o f  in d o le  were d i s c u s s e d .  At l e a s t  four d i s t i n c t l y  
d i f f e r e n t  e x p l a n a t i o n s  f o r  th e s e  e f f e c t s  have appeared in the  
l i t e r a t u r e ,  and th es e  e x p l a n a t i o n s  have been p r e s e n t e d .  A f i f t h
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r a t i o n a l e  o r i g i n a t e d  from our a t tem p ts  to  e x p l a i n  the o b s e r v a t i o n s  of
o th er  r e s e a r c h e r s  as  w e l l  a s  our own r e s u l t s  in  terms o f  one i n t e r n a l l y
c o n s i s t e n t  th eory .  Our i n t e r p r e t a t i o n  o f  the anomalous e f f e c t s  in  the
lu m in escence  o f  in d o le  i n v o l v e s  the p o s s i b l e  rearrangement  o f  in d o le
to  2H- or 3H - indo le .  The rearrangement and i t s  ex p ec te d  e f f e c t  on the
lu m in escence  o f  in d o le  i s  con s id ered  in  d e t a i l  in  the  ch ap ter  on
e x p er im en ta l  r e s u l t s  and d i s c u s s i o n s .  In t h i s  s e c t i o n  the c h em is try  o f
i n d o l e  th a t  i n d i c a t e s  th a t  the proposed rearrangement i s  probable  i s
rev iew ed .  Two c a s e s  i n v o l v i n g  m o le c u le s  th a t  are  known to  undergo
i n t r a m o l e c u la r  proton t r a n s f e r  during the  l i f e t i m e  o f  the e x c i t e d
s t a t e  are d i s c u s s e d  fo r  comparison.
In the ground s t a t e ,  d e l o c a l i z a t i o n  o f  e l e c t r o n  d e n s i t y
from the n i t r o g e n  atom t o  the r in g  p i - e l e c t r o n  system o c c u r s .  This
d e l o c a l i z a t i o n  g i v e s  r i s e  to  ten  p i  e l e c t r o n s  on n ine  c e n t e r s .  Thus,
the e l e c t r o n  d e n s i t y  a t  the n i t r o g e n  atom i s  d im in i sh ed  and i n d o l e  i s
27t h e r e f o r e  a weak b ase .  The p r i n c i p a l  con ju gate  a c id  o f  in d o l e  in
s t r o n g  aqueous s o l u t i o n s  has been determined to  be the 3 -p ro to n a ted
2 8isomer.  In the nmr spectrum o f  3-methyl in d o le  in  s t r o n g  a c i d ,  the
methyl s i g n a l  i s  a d o u b le t  and occu rs  a t  h igh er  f i e l d  ( r e l a t i v e  to the
arom at ic  proton s i g n a l )  than i t  occu rs  in  in  the  c a s e  o f  the f r e e  base .
The d ou b le t  r e s u l t s  from the proton s p l i t t i n g  o f  the  3 p roton  and the
f i e l d  s h i f t  from the change in  h y b r i d i z a t i o n  o f  the 3 carbon.  Acid
c a t a ly z e d  deuterium exchange has been noted a t  the  1,  2,  and 3 
29p o s i t i o n s .  I t  was not determined whether t h i s  exchange  i s  d i r e c t  
w ith  s o lv e n t  or i f  i t  could i n v o lv e  tautomerism.
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In o t h e r  s t u d i e s ,  a UV c a t a l y z e d  rearrangement o f
1 . 3 . 3 - t r ip I : e n y l i n d e n e  ( in d en e  i s  i s o e l e c t r o n i c  w i th  i n d o l e )  y i e l d s
301 . 2 . 3 - t r i p h e n y l i n d e n e . I t  has a l s o  been shown th a t
2 . 3 - d im e t h y l - 3 - p h e n y l - 3 H - i n d o l e  and 3 , 3 - d im e t h y l - 2 - p h e n y l - 3 H - i n d o l e
are  i n t e r c o n v e r t a b l e  under h igh  temperature  ( 150°C) a c i d i c  
31
c o n d i t i o n s .
32A c a s e  o f  i n d o l e - i n d o l e n i n e  tautomerism has been p r e s e n te d .  
Oxindole t r e a t e d  w i th  t r i e t h y l o x o n iu m  f l u o r o b o r a t e  y i e l d s  I I ,  a 
compound o f  mp 110° .  Subl im at ion  o f  I I  a t  8 0 ° / 0 . 1  t o r r  produces  an 
isomer shown to be I .  Compound I m e l t s  a t  63°C. Upon m e l t i n g  i t  
r e s o l i d i f i e s  a t  80° and m e l t s  a g a in  at  110° ,  i n t e r c o n v e r s i o n  o t  I I  
having o ccu rred .
H H
r .voEt
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The f a c t  th a t  both  isomers  are  observed i n d i c a t e s  t h e i r  ground s t a t e  
e n e r g i e s  are not w id e l y  s e p a r a te d ;  i . e . ,  one isomer i s  not v a s t l y  
more s t a b l e  than the o th e r .
I n tr a m o le c u la r  proton t r a n s f e r  in  e x c i t e d  f l u o r e s c e n t  
compounds has been r e p o r te d .  In c r y s t a l l i n e  2 - ( 2 1-h y d r o x y p h e n y l ) -
b e n z o t h i a z o l e  and i t s  d e r i v a t i v e s ,  a proton  i s  t r a n s f e r r e d  during
33 ~ HLhe e x c i t e d  s t a t e .  The f l u o r e s c e n c e  l i f e t i m e  Ls l e s s  than 10 sec
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and the f l u o r e s c e n c e  e x h i b i t s  a Stokes  s h i f t  o f  7000 cm The 
e x p l a n a t i o n  f o r  t h i s  l a r g e  S tokes  s h i f t  i s  shown in  the  diagram below:
H — Q H--O'
/
0
In t h i s  case  the a b s o r p t i o n  i s  t h a t  o f  the 0-H form, i n t r a m o l e c u la r
proton t r a n s f e r  to  the n i t r o g e n  occurs  in  the  e x c i t e d  s t a t e  and
r e l a x a t i o n  to  an e q u i l i b r i u m  e x c i t e d  s t a t e  f o l l o w s .  F lu o r e s c e n c e
occurs  from the N-H form to a m e t a - s t a b l e  ground s t a t e  which
r e o r i e n t s  to  the 0-H form.
A s i m i l a r  e x p l a n a t i o n  has been proposed for  the  r e d - s h i f t e d
f l u o r e s c e n c e  o f  3 -h y d r o x y -2 -n a p h th o ic  a c id  in  s o l u t i o n ,  but in t h i s
34case  a g r o u n d - s t a t e  e q u i l i b r i u m  may be in v o lv e d .
D. T h e o r e t i c a l  C a l c u l a t i o n s
C a l c u l a t i o n s  used in  t h i s  s tudy are based on the "complete
n e g l e c t  o f  d i f f e r e n t i a l  over lap"  (CNDO) approxim ation  o f  Pople  and 
35 36 37S eg a l .  ’ ’ Th is  i s  a s em iem p ir ica l  method i n v o l v i n g  a l i n e a r
combinat ion  o f  a tom ic  o r b i t a l s ,  s e l f - c o n s i s t e n t  f i e l d  (LCAO-SCF)
treatment  extended to  a l l  v a l e n c e  e l e c t r o n s .  In t h i s  app rox im at ion ,
34the b a s i c  Hartree-Fock  e lem ents  are g iv e n  by:
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34the b a s i c  Hartree-Fock e l e m e n ts  are g ive n  by:
Fy,p, " UM.H * ^PAA " * V ^ A A  + ^  ^PBBVAB ~ ^AB̂  ’ ^
B /  A
F -  /9° S ■ y ._  (p. /  v) (2 )M<v ^ B  uv m<v yAB
i n  which atomic  o r b i t a l  0 b e lo n g s  to  atom A and 0 to  atom B. Thep. v
o r b i t a l  e n e r g i e s  and LCAO c o e f f i c i e n t  are  e i g e n v a l u e s  and e i g e n v e c t o r s  
o f  the m atr ix  F . .  P i s  the  c h a r g e - d e n s i t y  and bond-order m atr ix ,
|J .V  |JLV
occ
P -  2 X  c ,  C, ( 3 )M-v ± ipi i v  t
in  which the  sum i s  over  the occu p ied  o r b i t a l s .  P i s  the  t o t a lAA
charge d e n s i t y  on atom A,
P aa  ̂ S  P • <4 >AA p,p
P>
In the above e q u a t i o n s ,  U i s  the d ia g o n a l  matr ix  element o f  the  
atom ic  o r b i t a l ,  0 w i t h  r e s p e c t  to  the core  Hamiltonian o f  i t s  own 
atom, A. I t  i s  e s s e n t i a l l y  an atomic  q u a n t i t y  and i s  a measure o f  
the energy  o f  the a tomic  o r b i t a l  ( t h e  k i n e t i c  energy p lu s  the
p o t e n t i a l  energy  in  th e  f i e l d  o f  the n u c le u s  and in n er  s h e l l s ) .  Pr p, v
i s  the d ia g o n a l  m atr ix  e lement  correspond in g  to  the e l e c t r o n  popu­
l a t i o n s  o f  the a tomic  o r b i t a l s ,  0^ ( t h e  bond o r d e r ) .  ^AB i s  a bonding
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parameter a c t i n g  as  a p r o p o r t i o n a l i t y  c o n s ta n t  between the resonance  
i n t e g r a l  and the  ov e r la p  i n t e g r a l  such th a t
3C o° S (5 )
in  which S i s  the o v e r la p  i n t e g r a l .  v A_ i s  th e  e l e c t r o n  r e p u l s i o n  U.v °  TAB
i n t e g r a l .
A d i s c u s s i o n  o f  the s p e c i f i c a t i o n  o f  the e m p ir i c a l  parameters
i s  found in  r e f e r e n c e  36.  The a c t u a l  c a l c u l a t i o n s  were performed by
3 8means o f  an IBM 360 /65 ;  a program w r i t t e n  by Dobosh was used.  This  
program u s es  the  CNDO/2 m o d i f i c a t i o n .  This  v e r s i o n  n e g l e c t s  pene­
t r a t i o n  i n t e g r a l s  and uses  e l e c t r o n  a f f i n i t y  a lo n g  w i th  i o n i z a t i o n
p o t e n t i a l  to  e s t i m a t e  the .  ca l  core  m atr ix  e l em en t ,  U . A d i s c u s s i o n
’ W i
o f  t h e s e  changes and t h e i r  advantages  i s  found in  r e f e r e n c e  37.
The c a l c u l a t i o n s  a p p l ie d  to  the e l e c t r o n i c  s p e c tr a  were
based on the use o f  the  CNDO method m od if ie d  by J a f f e ;  and 
/ 39 AO 41 42 43Del Bene. ’ ’ ’ * The b a s i c  e q u a t io n s  are  i d e n t i c a l  w i th  th o se
o f  Pople  and S e g a l .  J a f f e  and Del Bene d i v i d e  t h e i r  c a l c u l a t i o n  i n t o  
two p a r t s :  1) the  d e te r m i n a t i o n  o f  the CNDO-MO's by means o f  an SCF
c a l c u l a t i o n ,  and 2) th e  g e n e r a t i o n  o f  s p e c t r o s c o p i c  s t a t e s  by means 
o f  c o n f i g u r a t i o n  i n t e r a c t i o n  ( C l ) .  T heir  m o d i f i c a t i o n s  in v o lv e  
changes  in  the p a r a m e te r i z a t io n  o f  the e l e c t r o n  r e p u l s i o n  i n t e g r a l s
and the resonance  I n t e g r a l s  as  documented in  the s e r i e s  o f  papers
/ 44
r e fe r e n c e d  above.  The program used was w r i t t e n  by Del Bene, £jt a l .
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A d e t a i l e d  d i s c u s s i o n  o f  the  t h e o r e t i c a l  b a s i s  f o r  t h e s e
c a l c u l a t i o n s  w i l l  not be g iv e n  because  the  r e s u l t s  w i l l  be used o n ly
in  a q u a l i t a t i v e  manner. However, a b r i e f  c o n s i d e r a t i o n  o f  the
r a t i o n a l e  in s e l e c t i n g  t h e s e  programs i s  in  order .  One o f  the
d i f f i c u l t i e s  which a r i s e s  in  the s p e c t r o s c o p i c  s tudy  o f  a h e tero a to m ic
m olec u le  l i k e  i n d o l e  i s  the i d e n t i f i c a t i o n  or p r e d i c t i o n  o f  n tt*
t r a n s i t i o n s .  P r e v i o u s l y ,  t h e o r e t i c a l  s t u d i e s  i n v o l v i n g  e l e c t r o n i c
c a l c u l a t i o n s  have been based on v a r i a t i o n s  o f  the Huckel method or
the  P a r i s e r - P a r r - P o p l e  SCF-CI scheme. These methods can g i v e  v ery
s a t i s f a c t o r y  acco u n ts  o f  the p h y s i c a l  and chemical  p r o p e r t i e s  o f  con-
45ju ga ted  hydrocarbons  i f  the  parameters are  p ro p er ly  chosen .  These
methods are d e f i c i e n t  because  the assumptions  o f  the  Huckel method
break down in  th e  case  o f  m o le c u le s  o th e r  than a l t e r n a n t  aromatic
hydrocarbons  and the  PPP method i s  l i m i t e d  to  p i  e l e c t r o n s  and t r e a t s
e x p l i c i t l y  o n ly  th ose  o r b i t a l s  an t isym m etr ie  w i th  r e s p e c t  to  the  
39m olecu lar  p la n e .  T h ere fo r e ,  n e i t h e r  o f  t h e s e  methods i s  a p p l i c a b l e  
to  the s tudy o f  compounds c o n t a in in g  h e teroa tom s ,  which have 
p o l a r i z i b l e  o r b i t a l s  in  the m olecular  p la n e .
Because the CNDO method t r e a t s  a l l  v a l e n c e  e l e c t r o n s  i t  can 
be extended  to  the s tudy o f  n -* t t *  t r a n s i t i o n s .  The c o n j u n c t i v e  use 
o f  t h e s e  programs i s  based in  part  on the  e f f e c t  o f  the  e m p ir i c a l  
parameters chosen .  P o p l e ' s  program i s  param eter ized  to  y i e l d  
r ea s o n a b le  v a l u e s  fo r  g r o u n d - s t a t e  p r o p e r t i e s .  On the  o t h e r  hand, the  
m o d i f i c a t i o n s  by J a f f e  were des ign ed  e x c l u s i v e l y  fo r  the s tudy o f  
e l e c t r o n i c  s p e c t r a .  The c a l c u l a t e d  g r o u n d - s t a t e  t r a n s i t i o n  e n e r g i e s
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are  r e f i n e d  by a c o n f i g u r a t i o n  i n t e r a c t i o n  t r e a tm e n t .  This  trea tm ent  
a l l o w s  s t a t e s  o f  the same symmetry t h a t  a r i s e  from d i f f e r e n t  e l e c ­
t r o n i c  c o n f i g u r a t i o n s  to  i n t e r a c t .  The r e s u l t  i s  t h a t  in  t h i s  
l a t t e r  program p r o p e r t i e s  i n v o l v i n g  a measure o f  the d i f f e r e n c e  between  
energy  l e v e l s  are r e l a t i v e l y  a c c u r a te  whereas  the  v a l u e s  o f  the l e v e l s  
t h e m s e lv e s  are not a c c u r a t e .
Thus the attempt in  t h i s  case  i s  t o  use the g r o u n d - s t a t e  
r e s u l t s  o f  Pople  a lo n g  w i th  the s p e c t r a l  data  ob ta in ed  from the  
J a f f e  program in order to  c a l c u l a t e  a more a c c u r a te  energy l e v e l  scheme.
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Chapter I I
Methods and M a t e r i a l s
A. S o lv e n t s
1. Hydrocarbons
P h i l l i p s  Petroleum Company pure grade i s o p e n ta n e  ( I P ) ,
3 -methylpentane  (3MP), m ethy lcyc lohexan e  (MCH) and m e th y lc y c lo p e n ta n e
(MCP) were p u r i f i e d  by a m o d i f i c a t i o n  o f  the  method rep or te d  by
P o t t s . ^  The method i s  based on a fuming s u l f u r i c  a c i d  wash to
remove u n sa tu ra ted  i m p u r i t i e s  and has been p r e v i o u s l y  used in  t h e s e
2 3l a b o r a t o r i e s .  (S ee  Wharton or W il l ia m s o n ,  fo r  example) .  Although
c a r e f u l  exam inat ion  o f  t h e s e  s o l v e n t s  on a programmed temperature  gas
chromatograph showed presen ce  o f  more than one component,  absorbance  
measured in a 5 cm quartz  c e l l  vjj a i r  was l e s s  than 0 . 0 5  from v i s i b l e  
w ave len gths  to  2400$ and i n d i c a t e d  th a t  u nsa tu ra ted  compounds had 
been removed. I t  was n e c e s s a r y  to  examine each s o l v e n t  a f t e r  
p u r i f i c a t i o n  because  the  c h a r a c t e r i s t i c  a b s o r p t i o n  o f  benzene could  
sometimes be found when d i f f e r e n t  l o t s  o f  the same compound underwent  
i d e n t i c a l  t r e a tm e n t .  S o lv e n t s  were c o n s id e r e d  to  be s a t i s f a c t o r y  fo r  
a b s o r p t io n  s t u d i e s  when no absorbance in  the range o f  measurement were
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observed .  Emiss ion  s o l v e n t s  were t e s t e d  under e x p er im en ta l  c o n d i t i o n s  
and were used when s o l v e n t  e m is s io n  was not observed .
2.  A c e t o n i t r i l e
F i s h e r  C e r t i f i e d  a c e t o n i t r i l e  was d r ie d  over  magnesium 
s u l f a t e  and d i s t i l l e d  under vacuum.
3. Methyl A l c o h o l . Methylene C hlor id e  and Mixed A lcoh o l
The above s o l v e n t s  are  Hartman-Leddon Company F l u o r i m e t r i c  
Grade s o l v e n t s  and were checked and used w ith out  f u r t h e r  p u r i f i c a t i o n .  
Mixed A l c o h o l i c  s o l v e n t  i s  a mixture  o f  m ethy l ,  i s o p r o p y l  and e t h y l  
a l c o h o l s .
4.  EPA Mixed S o lv en t
Matheson Coleman & B e l l  EPA ( e t h y l  e t h e r ,  i s o p e n ta n e  and 
e t h y l  a l c o h o l ;  5 :5 :2 )  was used w i th o u t  f u r t h e r  p u r i f i c a t i o n .
5. Ethyl  A lcoho l
A bso lute  e t h y l  a l c o h o l  from U. S. I n d u s t r i a l  Chemicals  
Company was used w i th o u t  p u r i f i c a t i o n .  Because t h i s  s o l v e n t  was used  
on ly  fo r  double-beam a b s o r p t io n  measurements,  the s l i g h t  t r a c e  o f  
benzene u s u a l l y  p r e s e n t  did  not i n t e r f e r e  w i th  the  measurements.
6. NMR D euterated  S o lv e n t s
Deuterium ox ide  ( S t u a r t  Oxygen Company), d imethyl  su l fox ide-d^ ,  
c h lo r o fo r m - d , a c e t o n e - d ^ ,  benzene-d^,  and a c e t o n i t r i l e - d ^  ( a l l  from 
Diaprep,  I n c . )  were used w i th o u t  p u r i f i c a t i o n .
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B. Compounds
1. I n d o le
I n d o le  from Matheson Coleman & B e l l  and N u t r i t i o n a l  
B iochem ica l  Company was p u r i f i e d  by means o f  one of  the f o l l o w i n g  
methods.
a.  Vacuum S u b l im a t io n : An a l l  g l a s s  vacuum s u b l im a t io n  d e v ic e
c o n t a i n i n g  a co ld  f i n g e r  f o r  l i q u i d  n i t r o g e n  was used.  The sub l im ator  
c o n t a i n i n g  in d o l e  was purged w i th  n i t r o g e n  and evacuated  to  5 x 10 ^torr  
w h i le  the i n d o l e  was kept  c o l d .  The system was then  s e a l e d  and
heated  g e n t l y  w ith  warm a i r  from a h a ir  dryer  over  a p er iod  o f  an 
hour.  The apparatus  was p r o t e c t e d  from l i g h t  during  t h i s  t ime.
A f te r  the s u b l im a t io n  was com p le te ,  the vacuum was rep la c e d  w i th  a 
n i t r o g e n  atmosphere and the su b l im ator  moved t o  a n i t r o g e n  f i l l e d  
g lo v e  bag where the  in d o l e  was t r a n s f e r r e d  t o  s to r a g e  v i a l s  and 
s e a le d  under n i t r o g e n .
b. Continuous Temperature Gradient S u b l im a t io n : A m od if ie d  con t inu ous
temperature  g r a d ie n t  f r a c t i o n a l  subl im ator  s i m i l a r  to  th a t  d es ign ed  by 
4
Berg and Hart lage  was used.  As m o d i f ie d ,  the apparatus  c o n s i s t e d  o f  
a fo r t y - t w o  inch  l e n g t h  o f  V 1 r i g i d  copper p ipe  having an i n s i d e  
diameter  o f  3 /8 " .  The p ip e  was wrapped w i th  Scotch  Brand e l e c t r i c a l  
tape No. 27,  a g l a s s  c l o t h  th at  has t h e r m o s e t t in g  a d h e s iv e  th a t  w i l l  
w ith sta n d  temperatures  o f  150°C. The wrapped pipe was wound w ith  
nichrome w ire  w i th  a gradual in c r e a s e  between w ind ings  to produce a 
temperature  g r a d i e n t .  A 3' s e c t i o n  o f  V  mm p ipe  s i z e  f i b e r g l a s s
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i n s u l a t i o n  was a p p l i e d .  A s i m i l a r  d e s ig n  has been found to  produce a 
l i n e a r  temperature  g r a d ie n t  a lo n g  the c e l l . ^
The su b l im ator  may be op erated  in  the  v e r t i c a l  or h o r i z o n t a l  
p o s i t i o n .  The c e l l  used was a p i e c e  o f  9 mm OD g l a s s  tu b in g ,  the  
i n t e r i o r  o f  which had been th orou gh ly  c leaned  and d r i e d .  A small  
aluminum f o i l  sample boat was in trodu ced  i n t o  one end o f  the c e l l  
between two g l a s s  wool p l u g s .  The c e l l  was p lace d  i n t o  the  s u b l im a to r ,  
and the sample boat was a t  the h ig h  temperature  end.  The c e l l  was 
f lu s h e d  w i th  deoxygenated  n i t r o g e n  b e fo r e  i t  was h ea ted ,  and a slow  
n i t r o g e n  f lo w  was m ain ta ined  during  h e a t in g .  The tube o u t l e t  was 
e i t h e r  connected  to a fume hood or a p a r t i a l  vacuum. The n i t r o g e n
was deoxygenated  by bubbl ing  i t  s l o w l y  through two s o l u t i o n s  o f
vanadium ( I I )  s u l f a t e  i n  d i l u t e  s u l f u r i c  a c id  in  the presen ce  o f  
z i n c  amalgam a c c o r d in g  to  the  method o f  M ei tes  and M e i t e s .^
Temperature was c o n t r o l l e d  by a V ar iac  transformer  and was g e n e r a l l y  
r e g u l a te d  so th a t  a s u b l im a t io n  req u ir ed  tw e lv e  hours .
In the s u b l im a t io n  o f  in d o le  both c l e a r  n e e d l e - l i k e  c r y s t a l s  
and c l e a r  t h i n  f i l m  c y r s t a l s  having the  appearance o f  c e l l o p h a n e  were 
formed. DTA-TGA a n a l y s e s  o f  t h e s e  c r y s t a l s  showed i d e n t i c a l  beh a v io r .
2. 1 -M eth v l in d o le
1-Methyl in d o le  (1MI) o b ta in ed  from Eastman Organic  Chemicals  
was d i s t i l l e d  under vacuum.
3• 2-Methyl i n d o l e . 3 -M eth y l in d o le
2 -M e th y l in d o le  (2MI) and 3 - m e th y l in d o le  (3MI) from Matheson  
Coleman £» B e l l  were p u r i f i e d  by the method d e s c r ib e d  for  the p u r i f i c a t i o n  
o f  i n d o l e .
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4.  2 -E th o x y in d o le
Samples o f  2 - e t h o x y i n d o l e  (2EI) were provided  by Dr. Stephen  
Monti o f  the U n i v e r s i t y  o f  Texas at  A u s t in .  They had been p u r i f i e d  in 
h i s  l a b o r a to r y  by two s u b l im a t io n s  (80°C/1.0mra) and one c r y s t a l l i z a t i o n  
from d i e t h y l  e t h e r .  Samples were used in  the  c o n d i t i o n  r e c e i v e d .
C. Measurements
1.  D i f f e r e n t i a l  Thermal A n a l y s i s . Thermogravimetric A n a l y s i s
DTA-TGA measurements were performed by means o f  a Dupont 900 
Thermal A nalyzer  having  a Dupont 950 TGA attach m ent .
2.  Gas Chromatography
GC s o l v e n t  a n a l y s i s  was done by means o f  an F&M S c i e n t i f i c  
Corp. Model 810 Research Chromatograph; programmed temperature  mode 
and flame i o n i z a t i o n  d e t e c t i o n  were used .  The column was 1/8"  
aluminum 12' lo n g ,  packed w i th  SE 30.
3. Laser Raman
The l a s e r  raman spectrum o f  in d o le  was measured by means o f  
a Japan E l e c t r o n i c s  O p t ic s  Laboratory C o . , Ltd.  JRS-Sl in strument  that  
i s  equipped w i th  a Coherent R adia t ion  Laboratory  argon l a s e r .
4.  Nuclear  Magnetic Resonance
NMR s p e c t r a  at  100 M Hz were measured by means o f  a m odif ied  
Varian HA60. The 60 M Hz s p e c tr a  were measured by means o f  e i t h e r  a 
Varian A60A or a Perkin  Elmer R12B equipped w i th  an R112 double  
resonance  a c c e s s o r y .
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5. P h o t o e l e c t r o n  S p ectroscop y
P h o t o e l e c t r o n  s p e c t r a  (PES) were measured by means o f  a 
Perkin  Elmer model PS18 p h o t o e l e c t r o n  s p e c tr o m e te r .
6.  Photochem is try
In the  attempt  t o  produce a m o lec u lar  rearrangement in  
1 - m e t h y l i n d o l e , a Rayonet Type RS P r e p a r a t iv e  Photochem ica l  Reactor  
RPR 204 was f i t t e d  w i th  four  #RUL 2537? h igh  i n t e n s i t y  low p r e s s u r e  
mercury lamps having a t o t a l  output  o f  a p p rox im ate ly  60 w a t t s  of  
2537X UV.
Assuming a t o t a l  absorbance o f  one w a t t  and an a r b i t r a r y  
c r i t e r i o n  o f  one r e a c t i o n  per twenty photons  absorbed per m o le c u le ,  
a r e a c t i o n  t ime t h a t  was based on the c o n c e n t r a t i o n  o f  1MI was 
c a l c u l a t e d .  Samples o f  0 . 2  M 1MI in  15 ml o f  methanol were d e g a s s e d ,  
s e a l e d  in  quartz e m i s s i o n  tubes  and p lace d  in  the  p h o t o r e a c t o r  for  
p e r i o d s  o f  from one to  n i n e t y  hours .  The sample was a i r  coo led  during  
i r r a d i a t i o n .  Each sample was then co n cen tra ted  under vacuum and i t s  
nmr spectrum was measured.
7. F lu o r e s c e n c e  L i f e t i m e s
A TRW model 75A Decay Time F luorometer  system was used t o  
measure f l u o r e s c e n c e  l i f e t i m e s .  L i f e t i m e s  were measured in  the  case  
o f  degassed  samples o f  the i n d o l e s  in  quartz  tu b es  a t  c o n c e n t r a t i o n s  
o f  10 ^M. The standard procedure fo r  measuring decay t im es  from 1 .7  
to 10 nanoseconds (n s )  was used.  The v a l u e s  t h a t  were ob ta in ed  were 
re p r o d u c i b l e  to ^  0 . 5  ns and were found to be in  r e a s o n a b le  agreement  
w ith  l i t e r a t u r e  v a l u e s  l a t e r  publ ish ed  by Walker,  e t  a l . ^
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8. U l t r a v i o l e t - V i s i b l e  Absorption
The a b s o r p t i o n  s p e c tr a  o f  the m o le c u le s  s t u d i e d  were 
measured by means o f  a Cary 14 Recording S p ectrop h otom eter .  According  
to  the manufacturer ,  the r e s o l v i n g  power o f  the  monochromator i s  lX 
throughout  the  range o f  1900 - 30 ,000  X. This  i s  e q u i v a l e n t  to  25 cm  ̂
a t  2000 X and t o  1 1 .3  cm * a t  3000 %.
The e f f e c t  o f  temperature  on the a b s o r p t i o n  o f  in d o le  was 
examined.  The c o n c e n t r a t i o n  o f  in d o l e  in 3MP was a d ju s te d  so th a t  
the  long  w ave len gth  p o r t io n  o f  the  spectrum had an absorbance o f  0 . 2  
at  room temperature  and then the 1 cm quartz  c e l l  was s e a l e d .  The 
t o p ,  bottom and s i d e s  o f  the sample c e l l  compartment were i n s u l a t e d  
w it h  s tyrofoam ,  and the hose from a h a i r  dryer  d i r e c t e d  upon the c e l l  
through a h o le  in  the  top .  S evera l  s p e c tr a  were measured during  
h e a t i n g ;  the  f i n a l  compartment temperature  was measured w i th  a 
thermometer to be 48°C.
Low temperature  a b s o r p t i o n  measurements o f  the s p e c tr a  o f  
i n d o l e  i n  a 1:1 mixture  o f  i s o p e n ta n e /3 m e th y lp e n ta n e  (IP/3MP) were  
made a t  77°K by means o f  the apparatus  shown in  Figure  2.  A 1 cm 
S p e c t r o s i l  f l u o r e s c e n c e  c e l l  was fused  to  the  base o f  a round quartz  
e m i s s i o n  tube.  A p a r t i a l l y  s i l v e r e d  quartz dewar f l a s k  was f i t t e d  
i n t o  the sample compartment and the  s p e c i a l  c e l l  was cen te r e d  in  the  
dewar by means o f  a vented  T e f lo n  p lug  th a t  was f i t t e d  w i th  an 0 - r i n g  
to  hold i t  f i r m l y  in  the top o f  the  f l a s k .  The c e n t e r  o f  the  p lug  
was machined to  f i t  a p l a s t i c  i n s e r t  th a t  had a b r a s s  f i t t i n g  th a t  
secured  the top oi the e m is s io n  tube.  This  arrangement a l lowed  the
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F ig ur e  2.  Low temperature  apparatus  fo r
a b s o r p t i o n  and e m i s s i o n  measurements-
A - Teflon Plug
B * 0 Ring
C- Quartz Emission
Tube
D '  Quartz Dewar
E- Brass Fitting 
F" Plastic Insert 
G" Vent Holes
To p  v i e w
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c e l l  to  be p laced  a t  any h e ig h t  and to  be r o t a t e d  w h i l e  the  c e l l  
remained r i g i d l y  c e n te r e d .  I t  a l s o  provided c o n s id e r a b le  advantage  
over  o th e r  h o ld e r s  in  th a t  i t  in vo lve d  no metal  - l i q u i d  n i t r o g e n  (LIN) 
c o n t a c t  th a t  caused bubbl ing  in  the o p t i c a l  path .  The same T e f lo n  
h o ld e r  was used e x t e n s i v e l y  in  the e m is s io n  s t u d i e s  to  be d e s c r ib e d  
l a t e r .
Observat ion  o f  the s o lv e n t  s c a t t e r  o f  v i s i b l e  r a d i a t i o n  was 
used to  c e n te r  the c e l l  in  the l i g h t  path .  The s c a t t e r i n g  and 
a b s o r p t i o n  due to  the quartz  l a y e r s  and the  LIN in  th e  sample compart­
ment were compensated by quartz  p l a t e s  and n e u t r a l  d e n s i t y  f i l t e r s  
t h a t  were p laced  in  the  r e f e r e n c e  s i d e  a lon g  w i th  a s o l v e n t  f i l l e d  
1 cm c e l l .  A pure s o l v e n t  spectrum was then taken over the  range o f  
i n t e r e s t  t o  check the b a s e l i n e .  For comparison the  room temperature  
spectrum o f  the same sample was measured on the same apparatus  but 
w ith o u t  the LIN.
9.  Emiss ion S tu d i e s
a.  Cary 14 Some e m is s io n  s t u d i e s  were made by means o f  the Cary 14
a s  an e m is s io n  monochromator-recorder u n i t  coupled  w i th  a Cary 15
l i g h t  source and monochromator as  the e x c i t a t i o n  u n i t .  This  system
8 9has been a d e q u a te ly  d e s c r ib e d  by Holloway or Hughes.
Samples fo r  use w i th  t h i s  in s t r u m e n ta t io n  and th at  to  be 
d e s c r ib e d  were 10 s o l u t i o n s  conta ined  in  quartz  e m is s io n  t u b e s .
In a lm ost  a l l  c a s e s ,  the samples were degassed  w i th  a t  l e a s t  four  
freeze-pump-thaw c y c l e s  a t  10 ^torr  and the tubes  were s e a l e d  w h i l e  
the sample was at  t h i s  p r e s s u r e .
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In c e r t a i n  s t u d i e s  i t  was d e s i r a b l e  to  work w ith  f r e s h  
samples in  u l t r a - d r y  s o l v e n t s .  These were prepared by d ry in g  the  
s o l v e n t  w i th  l i t h i u m  aluminum hydride  and d i s t i l l i n g  i t  under vacuum 
d i r e c t l y  i n t o  th e  e m is s io n  tube c o n t a in in g  the compound to be examined.
V a r ia b le  temperature  measurements were made by means o f  the  
apparatus  shown in  F igure  3. A V ar iac  c o n t r o l l e d  nichrome c o i l  
h e a t e r  was i n s e r t e d  through a g l a s s  "T" tube i n t o  a 5 1 meta l  LIN 
s t o r a g e  dewar. The "T" tube was s e a le d  on the V ar iac  s i d e .  Heating  
the c o i l  caused the  n i t r o g e n  to  b o i l  and forced  co ld  gas  a lo n g  the  
i n s u l a t e d  copper tu b in g .  An a u x i l i a r y  Dewar c o n t a i n i n g  a copper  
c o o l i n g  c o i l  in  LIN could  be added as r e q u ir e d .  The co ld  gas was 
d i r e c t e d  on the e m i s s i o n  tube through four  small  copper tu b es  d es ign ed  
to  be i n s e r t e d  through the  T e f l o n  h o ld e r  d e s c r ib e d  p r e v i o u s l y .  The 
c o o l i n g  r a t e  was c o n t r o l l e d  by v a r y in g  the h e a te r  v o l t a g e ;  temperature  
was monitored w i th  a thermocouple .  The e f f i c i e n c y  of the system was 
such th a t  the Joule-Thompson e f f e c t  a t  the op en in gs  o f  the small  
tu b es  would r e l i q u i f y  the n i t r o g e n  i f  a f a s t  b o i l  r a t e  was used.  The 
e m is s io n  Dewar could then  be e a s i l y  f i l l e d  w i th  LIN i f  lo n g er  s t u d i e s  
were d e s i r e d  a t  l i q u i d  n i t r o g e n  temperature .  Warmer tem peratures  were  
a l s o  o b ta in ed  by f i l l i n g  the a u x i l i a r y  Dewar w i th  hot w ater  and us ing  
a i r  in  the system.
b. Component Emiss ion  S p ec trop h otom eter . (CES) Other e m is s io n
s p e c tr a  were measured by means o f  a component system type e m is s io n  
sp ec trop h otom eter  d es ign ed  by Dr. J. H. Wharton and assembled  by 
Dr. E. Hughes, J r .* ^  and Dr. Wharton.
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Figure  3. Apparatus for  v a r i a b l e  temperature  measurements.









A “ Variac Transformer 
B" LIN Storage Dewar 
C~ Nichrome Heater Coil 
D- Insulated Copper Tubing 
E~ LIN Filled Dewar 
F ” Quartz Emission Dewar
3 r
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The e x c i t a t i o n  source  o f  the CES c o n s i s t s  o f  a 450 w att  
xenon arc  lamp in  a w a t e r - c o o l e d ,  n i t r o g e n - f l u s h e d  h o u s in g .  The lamp 
i s  coupled to  a Cary 15 scanning monochromator having  c o n t in u o u s l y  
a d j u s t a b l e  s l i t s  to  3 . 0  ram. The output  o f  the e x c i t a t i o n  monochromator 
i s  focu sed  by a concave mirror onto the f r o n t  s u r fa c e  o f  a quartz  
e m i s s i o n  tube .  R a d ia t io n  from t h i s  s u r f a c e  i s  chopped w i t h  a 
P r i n c e t o n  A ppl ied  Research Corp. (PAR) Model 125 Mechanical  L ight  
Chopper. The chopper o p e r a t e s  in c o n j u n c t io n  w i th  a PAR 220 Lock-In  
A m p l i f i e r ,  and i t s  purpose i s  t o  i n t e r r u p t  the  e m is s io n  s i g n a l  and to  
s i m u l t a n e o u s l y  g e n e r a te  a square-wave r e f e r e n c e ,  synchronous w i th  the  
chopping r a t e ,  which i s  fed to  the a m p l i f i e r .
The chopped e m is s io n  s i g n a l  i s  focu sed  on the e n tr a n c e  s l i t  
o f  a J a r r e l l  Ash 0 . 5  Meter Ebert Scanning Spectrom eter .  The manu­
f a c t u r e r  r e p o r t s  a r e s o l u t i o n  o f  a t  l e a s t  0 . 2  % and a w ave len gth  counter  
accu rac y  o f  +_ 2 %. The monochromator i s  equipped w i th  a dual u n i l a t e r a l  
e n tra n ce  and e x i t  s l i t  assembly  th a t  p r o v id e s  openings  between 0 and 
3000p,. The e x i t  s l i t  i s  fo l l o w e d  by a PAR 182 P h o t o m u l t i p l i e r  Housing 
equipped w i th  an E. M. I .  9558 QB end-on p h o t o m u l t i p l i e r  tube (PMT).
The a c t i v e  area  o f  the photocathode i s  l i m i t e d  by a m agnet ic  l e n s  
assem bly .  Th is  was n e c e s s a r y  in  order  to  reduce the cu rrent  due to  
p h o t o e l e c t r o n s  gen era te d  by Cerenkov r a d i a t i o n  from cosmic  r a y s .
The PMI i s  powered by a PAR 280 High V o l ta g e  Power Supply 
which p r o v id e s  a h igh  q u a l i t y  r e g u l a te d  v o l t a g e .  This  u n i t  and a l l  
f o l l o w i n g  PAR components were packaged a s  Research Instrument Modules  
and were housed in and powered by a rack mounted PAR 200 NIM Bin.
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The s i g n a l  from the  PMT was a m p l i f i e d  by means of  a PAR 221 AC 
Photom etr ic  P r e a m p l i f i e r .  This  u n i t  i s  a h igh g a in  a m p l i f i e r  
c o n s i s t i n g  o f  two p h y s i c a l l y  separated  u n i t s :  A low leak age  current
a m p l i f i e r  mounted on a p lu g  in  c i r c u i t  board lo c a t e d  i n s i d e  the  photo­
m u l t i p l i e r  hou s ing  and the  remaining c i r c u i t r y  and o p e r a t in g  c o n t r o l s  
mounted in  th e  Bin.  L o c a t io n  o f  the  preamp input  c i r c u i t  in  the  PMT 
h ousing  e l i m i n a t e s  the  need for  long  l i n e s  c a r r y in g  low s i g n a l  l e v e l s  
a t  h igh  impedance.
F o l lo w in g  the p r e a m p l i f i e r  i s  a PAR 211 a m p l i f i e r .  This
a m p l i f i e r  i s  a low n o i s e  a m p l i f i e r  th a t  has a 10^ ohm impedance and
f l a t  freq uen cy  re sp on se  from one Hz to  10^ Hz. The s i g n a l  i s  then fed  
t o  a PAR 220 Lock-In A m p l i f i e r ,  which i s  c o n s id ered  by the manu­
f a c t u r e r  to  be the  " h e a r t ’' o f  a l o w - l e v e l  s i g n a l  r e c o v e r y  system. I t  
e n a b le s  an AC s i g n a l  to be measured in  the p res en ce  o f  n o i s e  by means 
o f  phase s e n s i t i v e  d e t e c t i o n .  The r e f e r e n c e  s i g n a l  from the  chopper  
i s  fed  to  the l o c k - i n  a m p l i f i e r  a lo n g  w i th  the  input  s i g n a l .  The mixer  
component o f  th e  a m p l i f i e r  a c t s  as a double  p o l e ,  double throw s w i tch  
and the synchronous  freq u en cy  o f  the  input  i s  r e c t i f i e d  as  a DC 
s i g n a l ;  a diagram o f  the s w i t c h  i s  shown in  F igure  4.  Non-synchronous  
components o f  the input  such as  n o i s e  are  not r e c t i f i e d  and are
removed by the  low p a s s  f i l t e r .  This  r e s u l t s  in  a la r g e
s i g n a l - t o - n o i s e - r a t i o  improvement.
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TIME CONSTANT F I L T E R
P o l a r i t y  o f  r e f e r a n c *  
i n p u t  ( E Ref. )  d a f a r m l n a a  
s w i t c h  p o s i t  i o n .
Eout
Em
E o u t  = R e c t i f i e d  a v e r a g e
E R e f .  f 
0 = 0 °  1
„ rrr
Figure  4.  The Mixer as  a d o u b l e - p o l e ,  double- throw  s w i tc h .
(As taken  from the PAR Model 220 Manual)
From the l o c k - i n  a m p l i f i e r ,  the  s i g n a l  i s  fed  to  a H ew le t t -
Packard Model 7004A X-Y Recorder equipped w i t h  a H-P Model 17172A
Time Base Generator to  d r iv e  the X - a x i s .  The a m p l i f i e r  a l s o  p ro v id es
a s i g n a l  monitor jack  which i s  used to  i n t e r f a c e  the a m p l i f i e r  w i th  an 
a n a lo g  to d i g i t a l  c o n v e r te r  (ADC) th a t  i s  connected  to  a computer.  A 
block  diagram o f  the in s t r u m e n t a t io n  i s  shown in  F igure  5.
c.  Computer P r o c e s se d  Sp ectra  During the course  o f  th e  work, an 
o n - l i n e  "mini-computer" was added to the system fo r  the purpose o f  
p r o c e s s i n g  s p e c t r a .  The computer was a Data General  Corporat ion  
NOVA 1200 thuL has 8K o f  memory. I t s  p e r i p h e r a l  equipment c o n s i s t e d  o f
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Figure  5. Block diagram of  the component e m is s io n  s p ec tro p h o to m eter .
ADC
Photomul t ipl ier
t u b e
X -  Y 
R e c o r d e r
E m i s s i o n
M o n o c h r o m a t o r
PA.R 
S i g n a l  r e c o v e r y  
e l e c t r o n i c s
E x c i t a t i o n
M o n o c h r o m a t o r
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a 4033 Analog to  D i g i t a l  Converter  (ADC), two 4037 D i g i t a l  t o  Analog  
C onverters  (DAC), t e l e t y p e w r i t e r ,  s low speed paper tape punch and paper  
tape  r e a d e r ,  h igh  speed paper tape r ea d er ,  a 4008 r e a l - t i m e  c lo c k  and 
a T ek tro n ix  Type 611 Storage  D i s p la y  O s c i l l o s c o p e .
A l l  s o f tw are  fo r  use w i t h  th e  CES was d es ig n ed  and programmed 
by Mr. Henry S t r e i f f e r  and Mr. C e c i l  Reames o f  t h i s  Department.
The program, e n t i t l e d  "Spectrometer  D r iv e r ,"  c o n s i s t e d  o f  a 
v e r s a t i l e  s e r i e s  o f  o p t i o n  c h o i c e s  t h a t  are  b r i e f l y  documented below:
RESTART-





Begins  program; a l l  parameters  are i n i t i a l i z e d  to  
p r e v io u s  v a l u e s .
Ends program a f t e r  run.
Q u es t io n s  user  to  a l l o w  e n tr y  o f  i n i t i a l  parameters  
such as ch art  l e n g t h ,  ch art  u n i t s ,  scan speed,  and 
number o f  p o i n t s  s t o r e d .  When the f u l l  8K o f  memory 
i s  used ,  the  c a p a c i t y  i s  a p p ro x im a te ly  3000 p o i n t s .
In the  Run mode, the CES i s  o p era ted  in  the normal 
way; the  NOVA r e c e i v e s  and s t o r e s  data  p o i n t s  which  
d u p l i c a t e  the  spectrum shown on the r e c o r d e r .  A f t e r  
the  spectrum i s  measured and s t o r e d ,  the  i n i t i a l  and 
f i n a l  w a v e le n g th s  are  en tere d  v i a  the  t e l e t y p e w r i t e r .  
Any spectrum s to r e d  in  the  computer i s  r e p l o t t e d ,  
e i t h e r  on the  cathode ray tube (CRT) or the rec ord er  
or both .
The spectrum in  memory i s  punched out on paper tape for  
l a t e r  p r o c e s s i n g .
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EMISS- Each s to r e d  p o in t  i s  r e c a l l e d  from memory, c o r r e c te d
and d e p o s i t e d  back i n t o  memory. The p r o c e s s  d e s t r o y s
th e  o r i g i n a l  spectrum. C o r r e c t i o n s  are req u ired
b ecause  the  CES has a non l i n e a r  re sp on se  to  r a d i a t i o n .
The c o r r e c t i o n  f a c t o r s  were determined by means o f
12a m odi f ied  method o f  Melhuish  th a t  was conf irmed
13by Argauer and White.  The method i n v o l v e s  
measuring the energy  output  o f  the  e x c i t a t i o n  
monochromator as  a f u n c t i o n  o f  w ave len gth  by means 
o f  a quantum c o u n ter .  A s o l u t i o n  o f  3 g / l  o f  
Rhodamine B in  e t h y l e n e  g l y c o l  was used as  a sample.
The quantum counter  was removed and rep la c e d  by 
Dupont Ludox s o l u t i o n  and the s c a t t e r e d  energy  was 
measured.  The c a l i b r a t i o n  f a c t o r  i s :
S(X)  M m
' " R( X) B(X) W ( X )
in  which Q( A .)  i s  the  re sp on se  o f  the quantum counter  
to  energy  l e a v i n g  the  monochromator; R( X) i s  the  
r e s p o n se  o f  the PMT and e m is s io n  monochromator to  
the  r e f l e c t e d  energy;  B(X) i s  the bandwidth o f  the  
monochromator; M(X) i s  the t r a n s m i t t a n c e  o f  the  
quantum counter  window; W(X) i s  the  r e f l e c t a n c e  o f  
the  l i g h t  s c a t t e r i n g  s o l u t i o n  and S(X) i s  the f a c t o r  
by which the PMT re a d in g s  must be m u l t i p l i e d  to  g i v e  





EXCIT- This  s u b r o u t in e  c o r r e c t s  an e x c i t a t i o n  spectrum by
the p r o c e s s  d e s c r ib e d  above.
INVERT- The i n i t i a l  p o i n t s  are  p l o t t e d  a s  i n t e n s i t y  v s
w a v e len g th .  This  su b r o u t in e  changes  the s tored  
spectrum to a p l o t  o f  i n t e n s i t y  v £  cm 
This  e n tr y  w i l l  r e v e r s e  the  order  o f  the p o i n t s  so 
th at  a spectrum o r i g i n a l l y  taken from h igh  to  low 
energy  may be r e p l o t t e d  from low to h igh  energy .
A p r e v i o u s l y  punched spectrum on paper tape may be 
re e n te r e d  fo r  p r o c e s s i n g .
This  command sums the Y - a x i s  v a l u e s  as  the spectrum  
i s  scanned and the r e s u l t  i s  s i m i l a r  to  the  f a m i l i a r  
i n t e g r a t i o n  o f  an NMR spectrum. R e l a t i v e  quantum 
y i e l d  v a l u e s  for  f l u o r e s c e n c e  and p h osphorescence  
may be determined by i n t e g r a t i n g  c o r r e c t e d  s p e c t r a .  
There i s  a l s o  a s e r i e s  o f  s u b r o u t in e s  t h a t  a l l o w s  input  from or output  
to  the v a r i o u s  p e r i p h e r a l  d e v i c e s .
10.  C a l c u l a t i o n s
14a.  CNINDO: CNDO and INDO M olecular  O r b i t a l  Program
The program r e f e r r e d  to  above i s  a w r i t t e n  fo r  the IBM System 
360/67  d i g i t a l  computer.  I t  was used i n  the c a l c u l a t i o n s  o f  CNDO 
m olecu lar  o r b i t a l s  and ground s t a t e  e n e r g i e s  o f  the  i n d o l e s .
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b. CND0/2-CI M olecular  O r b i t a l  C a l c u l a t i o n s  w i t h  the  Complete 
N e g l e c t  o f  D i f f e r e n t i a l  Overlap and C o n f i g u r a t io n  I n t e r a c t i o n *-
This  program performs m olec u lar  o r b i t a l  c a l c u l a t i o n s  for  
m o le c u l e s  i n  c l o s e d  s h e l l  c o n f i g u r a t i o n s  and u s e s  the CNDO/2 method 
o f  Del  Bene and Jaffe*"^ w i th  the  f o l l o w i n g  r e v i s i o n s :
1. The tw o - c e n t e r  t w o - e l e c t r o n  r e p u l s i o n  i n t e g r a l s  
are  c a l c u l a t e d  by the Mataga ap p rox im at ion s .
2. The Cl m atr ix  i s  symmetry b lock ed .
c .  Cal-Comp P l o t t e d  Spectra
Some s p e c t r a  in c lu d ed  were c o r r e c te d  and p l o t t e d  by means 
o f  the IBM 3 6 0 /65  and a "Cal-Comp" p l o t t e r .  The s o f tw a re  fo r  the  
c o r r e c t i o n s  and p l o t s  was fu r n i s h e d  by Dr. R. H. H ofe ld t  o f  t h i s  
departm ent .
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Chapter I I I
R e s u l t s  and D i s c u s s i o n
A. A bsorpt ion  Spectra  o f  I n d o le s
The a b s o r p t i o n  s p e c tr a  o f  i n d o l e ,  1 - m e t h y l in d o le ,
2 - m e t h y l i n d o l e ,  and 3 - m e th y l in d o le  i n  p o la r  and nonpolar s o l v e n t s  
a t  room temperature  (25  _+ 2°C) were measured.  The s p e c tr a  o f  the  
f i r s t  two e l e c t r o n i c  t r a n s i t i o n s  o f  i n d o l e  in  two hydrocarbons and 
th ree  a l c o h o l i c  s o l v e n t s  are shown in  F igure  6. These s p e c tr a  
have been s h i f t e d  a lon g  the w ave length  a x i s  so th a t  the prominent  
lo n g -w a v e len g th  a b s o r p t i o n  band c o i n c i d e s .  This  w ave length  p r e s e n ­
t a t i o n  was adopted in  order  to  compare the  bands w i t h  the r e s u l t s  
obta ined  by S t r i c k l a n d ,  ejt a_l. ,  ̂ who used a s i m i l a r  p r e s e n t a t i o n .
They observed th a t  s o l v e n t  p e r t u r b a t i o n s  on go in g  from 
the vapor to  p e r f l u o r i n a t e d  hexane to  hexane caused very  l i t t l e  s h i f t
in  the p o s i t i o n s  o f  the ^L, t r a n s i t i o n s .  I t  was noted th a t  the bandsb
i d e n t i f i e d  as t r a n s i t i o n s  were much more s e n s i t i v e  to  s o l v e n t  a
p e r t u r b a t i o n s .  I t  appears  from measurements made in  t h e s e  l a b o r a t o r i e s  
th a t  t h i s  i n t e r p r e t a t i o n  i s  v a l i d  becau se  the change of  s o l v e n t  in  the
50
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Figure  6: Room temperature a b s o r p t i o n  s p e c t r a  o f  I n d o l e .  C onc en tra t ion :
1 x 10- 4 M; 1) 3MP, 2) IP/3MP, 3) 1% EtOH i n  IP/3MP,
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case  o f  i n d o l e  produces  v e r y  l i t t l e  s h i f t  in  p o s i t i o n s  o f  the ^L,b
t r a n s i t i o n s .  I f  th e  i d e n t i f i c a t i o n  o f  t r a n s i t i o n s  provided  by
S t r i c k l a n d ,  ejt aJL_. i s  used ,  the 0 - 0 ,  0 + 930 and 0 + 1310
t r a n s i t i o n s  are observed and c o i n c i d e  even in  the w ave len gth  p l o t .
The 0 + 730 band i s  observed  and c o i n c i d e s  in  the hydrocarbons.
The 0 - 0  t r a n s i t i o n  i s  covered  by the  ^L, bands,  a J b
According to  S t r i c k l a n d ,  jet aj.. , i t  oc c u r s  around 274 nm in  the vapor  
and 279 nm in  hydrocarbon s o l v e n t  and s h i f t s  to the red as  the  
s o l v e n t  p e r t u r b a t i o n  i n c r e a s e s .  The u nass igned  bands in  the s h o r t -  
w ave len g th  p o r t i o n  o f  the s p e c tr a  are  p r im a r i ly  t r a n s i t i o n sci
a l th o u g h  th e r e  i s  probably  an o v e r la p  o f  t r a n s i t i o n s .  These
s h o r t  w ave leng th  bands show a g r e a t e r  s o l v e n t  s h i f t  than do the  
t r a n s i t i o n s .  A change in  s o l v e n t  from pure hydrocarbon to a b s o l u t e  
e t h a n o l  produces  a maximum s h i f t  o f  the  0 - 0  t r a n s i t i o n  o f
app rox im ate ly  150 cm Although th e r e  i s  obv ious  d i f f i c u l t y  in
i d e n t i f y i n g  a g iv e n  t r a n s i t i o n ,  i t  appears  t h a t  the  maximum s h i f td
in v o lv e d  i s  about 800 cm These f i g u r e s  agree  w e l l  w i th  th o s e  of
2 -1  Konev who found 150 and 700 cm r e s p e c t i v e l y .  This  s h i f t  i s  not
-1  2unusual;  under s i m i l a r  c o n d i t i o n s  c a r b a z o le  s h i f t s  around 600 cm
In F igure  7,  a s i m i l a r  p r e s e n t a t i o n  i s  made. In F igure  7,  
spectrum o f  in d o le  in  the a p r o t i c  s o l v e n t ,  a c e t o n i t r i l e ,  i s  inc lud ed  
a lo n g  w i th  th o s e  o f  in d o l e  in  hydrocarbon and a l c o h o l .  Because  
s i m i l a r  b eh av ior  i s  noted in  both p o l a r - p r o t i c  and p o l a r - a p r o t i c  
s o l v e n t s ,  the s h i f t  ap pears  to  be due to  s o l v e n t  p o l a r i t y  ra th e r  than 
to  any hydrogen bonding e f f e c t .  This  i n t e r p r e t a t i o n  i s  In d isagreement
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Figure  7 Room temperature a b s o r p t i o n  s p e c t r a  o f  i n d o l e .  C oncen tra t ion :  
1 x lCT^M; 1) IP/3MP, 2) A c e t o n i t r i l e , 3) 57„ EtOH in  IP/3MP.
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w i th  Konev who p r e s e n te d  hydrogen bonding in  the  ground s t a t e  as  the  
reason  t h e s e  two ty p e s  o f  t r a n s i t i o n s  are s h i f t e d  through d i f f e r e n t  
a b s o l u t e  d i s t a n c e s .
The a b s o r p t i o n  s p e c tr a  of  the  f i r s t  two t r a n s i t i o n s  o f  the  
1 - ,  2 - ,  and 3 - m e t h y l in d o le s  are shown in  F ig u r e s  8, 9,  and 10. The 
red s h i f t  in  the a l c o h o l i c  s o l v e n t  i s  g r e a t e r  in  the case  o f  2-  and 
3-methyl d e r i v a t i v e s  than in  th a t  o f  in d o l e  i t s e l f .  This  g r e a t e r  
red s h i f t  i s  o n ly  p a r t i a l l y  due to  the f a c t  th a t  th ey  are  p res en ted  
on a tru e  w ave len g th  s c a l e  in s t e a d  o f  b e in g  s h i f t e d  to  superimpose  
the  l e a d i n g  bands.  A comparison o f  the  o r i g i n a l  s p e c tr a  shows th a t  
the  g r e a t e r  red s h i f t  in  a l c o h o l i c  s o l v e n t  o f  th e  methyl i n d o l e s  
a b s o r p t i o n s  compared w i th  the in d o le  a b s o r p t i o n  i s  a r e a l  e f f e c t .
In the c a s e  o f  3 - m e t h y l in d o le  in  hydrocarbon, S t r i c k l a n d ,  ejt a 1 .  ̂
p l a c e  the  0 -0  t r a n s i t i o n  o f  the ^La band underneath  the prominent  
lo n g -w a v e le n g th  re g io n  o f  the band. According to  t h e i r  i n t e r ­
p r e t a t i o n ,  a d d i t i o n  o f  a drop o f  bu tano l  s h i f t s  the 0 -0  band o f  the
t r a n s i t i o n  5 to  50 nm to the red o f  t h a t  o f  the  ^L, t r a n s i t i o n ,  a b
The a b s o r p t i o n  s p e c tr a  shown in  F igure  10 support  t h e i r  i n t e r p r e t a t i o n
o f  the 3 - m e t h y l in d o le  s p e c t r a .  I t  i s  a l s o  p o s s i b l e  the 0 - 0  band o f
the  t r a n s i t i o n  f a l l s  a t  lower energy than th a t  o f  the *L,a b
t r a n s i t i o n  o f  2-methyl i n d o l e . In c o n t r a s t  the lon g  w avelength  band 
o f  1 -m e th y l in d o le  in a l c o h o l i c  s o l v e n t  shows o n ly  a s l i g h t  s h i f t  and 
broadening.
A p e c u l i a r i t y  in  the spectrum o f  1 - m e t h y l in d o le  i s  the s l i g h t  
sh oulder  in  the lon g -w a v e len g th  p o r t io n  o f  the hydrocarbon a b s o r p t i o n .
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Figure  8. RT a b s o r p t i o n  s p e c t r a  o f  1-methyl in d o le  in
IP (--------- ) and 507, EtOH and IP .
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F ig ur e  9.  RT a b s o r p t i o n  s p e c tr a  o f  2 - m e t h y l in d o le  in















F igure  10.  RT a b s o r p t i o n  s p e c t r a  o f  3 - m e th y l in d o le  in
IP (--------- ) and 507. EtOH in  IP ( ------- ) .





























A n  e n h a n c e m e n t  a n d  r e d s h i f t  o f  t h i s  b a n d  i n  a l c o h o l  w o u l d  h a v e
su g g e s t e d  t h a t  t h i s  band i s  the 0 - 0  t r a n s i t i o n ;  however,  no
enhancement and r e d s h i f t  occu rred .  In a d d i t i o n ,  the band i s  too weak
to  be part  o f  the  t r a n s i t i o n .a
S t r i c k l a n d ,  e£jLL-^ r ep o r t  hot  bands in  the vapor-phase  
s p e c t r a  o f  in d o l e  a t  70° and 3 - m e t h y l in d o le  a t  100° .  Hot bands were 
a l s o  rep or te d  in  the  case  o f  3 - m e t h y l in d o le  in  p e r f l u o r i n a t e d  hexane,  
but the au th ors  d id  not l i s t  a temperature  fo r  t h i s  measurement. In 
t h e s e  l a b o r a t o r i e s ,  the absorbance o f  i n d o l e  was examined fo r  temper­
a tu r e  e f f e c t s  by the  method d e s c r ib e d  in  th e  exp er im en ta l  s e c t i o n .  For 
"high" temperature  s t u d i e s ,  the c o n c e n t r a t i o n  in  3MP was a d ju s ted  
u n t i l  the l e a d i n g  band at  2867 % had an absorbance o f  2 . 3 ,  and the  
sample compartment was h ea ted .  A comparison o f  the s p e c t r a  o f  in d o le  
a t  room temperature  (RT) and a t  48°C showed o n ly  a v e r y  s l i g h t  red 
s h i f t  o f  the  e n t i r e  l e a d i n g  edge o f  the  2867 X band. No new bands of
the  energy  rep or te d  fo r  the hot bands were found under t h e s e  c o n d i t i o n s .
The a b s o r p t i o n  s p e c t r a  o f  in d o l e  in  1:1 IP/3MP a t  RT and 
77°K were measured under o th e r w is e  i d e n t i c a l  c o n d i t i o n s .  The r e s u l t s  
are  shown in  Figure  11.  A f t e r  the  compound was c o o l e d ,  the bands 
p r e v i o u s l y  i d e n t i f i e d  as  in c r e a s e d  in  absorbance from 0 .5 1  to  1 .6 5 .  
The p o r t i o n  o f  the spectrum a t  2600 % in c r e a s e d  on ly  from 1 .0 8  to
cl
1 . 1 4  absorbance u n i t s .  No unusual s h i f t s  were observed .
I t  s h o u l d  b e  n o t e d  t h a t  i n  g e n e r a l  t h e  a b s o r p t i o n  s p e c t r o s c o p y  
s p e c t r o s c o p y  o f  i n d o l e  b e h a v e s  l i k e  t h a t  o f  m a n y  o t h e r  m o l e c u l e s .  A 
p r e v i o u s  c o m p a r i s o n  w i t h  c a r b a z o l c  i n d i c a t e d  L l i e  s i m i l a r i t y .  M o l e c u l e s
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Figure  11 A bsorp t ion  s p e c t r a  o f  5x10 S i  in d o le  in  1:1 IP/3MP a t  











300  290  280 270  260  250 240  230
W a v e l e n g t h  n m
60
l i k e  in d o l e  th a t  are  capable  o f  forming hydrogen bonds w i l l  u s u a l l y  
e x h i b i t  a s l i g h t  s o l v e n t  s h i f t  when th e  s o l v e n t  i s  changed from 
nonpolar  to  a s s o c i a t i n g  s o l v e n t s ;  the magnitude and nature  o f  t h i s  
s h i f t  i s  r e a s o n a b ly  w e l l  unders tood and not  c o n s id e r e d  r e l a t e d  to  the  
anomalous e m is s io n  p r o p e r t i e s  o f  i n d o l e .
B. Luminescence o f  I n d o l e s
Some g e n e r a l  o b s e r v a t i o n s  w i l l  be p r e s e n te d  p r i o r  to d e t a i l e d  
c o n s i d e r a t i o n  o f  i n d i v i d u a l  s p e c t r a .  For r e f e r e n c e  a t  t h i s  t im e ,  the  
t o t a l  e m is s io n  spectrum o f  i n d o l e  in  IP/3MP ( i s o p e n t a n e  and
3 - m e t h y lp e n t a n e , 1 :1 )  i s  p res en ted  in  F igure  12.  The phosph orescen ce  
e x t e n d s  from 19 ,000  to 2 5 ,0 0 0  cm  ̂ and i s  w e l l  s ep ara ted  from the  
f l u o r e s c e n c e  a t  2 7 ,000  t o  34 ,000  cm The normal e x c i t a t i o n  wave­
l e n g t h  i s  280 nm ( 3 5 , 8 0 0  cm ^) .
S o l i d  in d o le  as  a s o l i d  and in d o l e  in c o n c e n tr a te d  s o l u t i o n s  
exposed  to  the a i r  over  a p er iod  o f  weeks w i l l  darken when exposed  to  
l i g h t .  The p r o c e s s  w i l l  occur more r a p i d l y  when the  sample i s  heated  
above 40°C. Although samples o f  in d o l e  used fo r  lu m inescence  s t u d i e s  
were a lm ost  always prepared immediate ly  p r i o r  to  use ,  i n i t i a l  t e s t s  
were made to a s c e r t a i n  the s t a b i l i t y  o f  i n d o l e  under the ex p e r im e n ta l  
c o n d i t i o n s .  This  t e s t i n g  was c o n s id e r e d  to  be n e c e s s a r y  because  some 
exp er im en ts  req u ired  t h a t  the  sample be exposed to  uv r a d i a t i o n  fo r  a 
p er io d  o f  hours .
The c o n c e n t r a t i o n s  used in  the  lu m in escence  s t u d i e s  were 
g e n e r a l l y  on the order  o f  1x10 ^M. In most measurements,  the sample was
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s e a l e d  under vacuum a f t e r  th e  s o l v e n t  had been th orou gh ly  d e g a s s e d .
On s e v e r a l  o c c a s i o n s  the same sample was measured on s u c c e s s i v e  days  
a f t e r  over 12 hr.  t o t a l  exposure  to  uv l i g h t  b e fo r e  the  f i n a l  
measurement.  The e m is s io n  was unchanged.  One sample th at  was over  
two months o ld  and had a l i g h t  s traw c o l o r ,  s t i l l  e x h i b i t e d  the same 
c h a r a c t e r i s t i c  f l u o r e s c e n c e  and p h o sp h orescen ce ;  the s t a b i l i t y  o f  the  
e m i s s i o n s  i n d i c a t e d  th a t  the p o s s i b l e  o x i d a t i o n  products  did  not  
i n t e r f e r e  w i th  e m is s i o n s  e x c i t e d  at  the w a v e len g th s  used in  t h e s e  
s t u d i e s .  Thus i n d o l e  under t h e s e  c o n d i t i o n s  i s  s u f f i c i e n t l y  s t a b l e  
for  r o u t in e  u se .  I t  i s  emphasized th a t  the s t a b i l i t y  r e f e r r e d  to  
here i s  w i th  r e s p e c t  to  i r r e v e r s i b l e  r e a c t i o n s ;  the t h e o r i e s  to  be 
examined in t h i s  work in v o l v e  m o d i f i c a t i o n s  o f  in d o l e  in the e x c i t e d  
s t a t e  which are  c o n s id ered  to  be o f  a r e v e r s i b l e  n a tu re .
S e v e r a l  exp er im ents  were perforemd to  determ ine  the e f f e c t  
of  the e x c i t i n g  l i g h t  in  g e n e r a l  ( a s  opposed to  the s p e c i f i c  e x c i t a t i o n  
w ave len g th )  on the e m i s s i o n .  On th r e e  o c c a s i o n s  the f l u o r e s c e n c e  of  
in d o le  in  IP/3MP was measured w h i l e  the sample was coo led  to  77°K and 
the  e m is s io n  monochromator was s e t  at  300 nm ( 3 3 ,3 0 0  cm ^) .  While the  
e m is s io n  s i g n a l  was b e in g  m onitored ,  a s h u t t e r  was opened and the  
e x c i t i n g  l i g h t  was a l low ed  to  s t r i k e  the sample tube .  In two o f  t h e s e  
exp er im en ts  th e r e  was im ned ia te  i n i t i a l  s i g n a l  r i s e  fo l lo w ed  by a 
d e c r e a s e  o f  a p prox im ate ly  15 to  207o in  the f i r s t  th r e e  m in u tes .  A f ter  
t h i s  time the s i g n a l  was c o n s t a n t .  In the t h i r d  e x p er im en t ,  no 
d e c r e a s e  was observed  fo r  over  15 min. a f t e r  which t ime a gradual  
d e c r e a s e  o f  around 10% occurred over the next  30 m inutes .
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Some o f  th e  observed anom al ie s  o f  in d o le  and o th e r  compounds 
in  g l a s s y  s o l v e n t s  might be the  r e s u l t  o f  an e x c i t a t i o n  e f f e c t .  I f  
th ere  i s  a r e a c t i o n  o c c u r r in g  in  the e x c i t e d  s t a t e ,  i t  i s  p o s s i b l e  
t h a t  one s e t  o f  r e s u l t s  was observed  when the s o l u t i o n  i s  ra d ia te d  
during  th e  f r e e z i n g  p r o c e s s  and another  s e t  was observed when the  
s o l u t i o n  i s  e x c i t e d  a f t e r  the  s o l u t i o n  was s o l i d i f i e d .
Because MCH/MCP (m eth y lcy c lo h ex a n e  and m e t h y lc y c lo p e n t a n e , 
equim olar)  forms a hard g l a s s  a t  77°K, i t  was chosen f o r  t h i s  
exp er im ent .  A sample o f  in d o le  was f r o z e n  and the  e m i s s i o n  was 
monitored a t  300 nm. The e x c i t i n g  l i g h t  was then a l low ed  to  s t r i k e  
the  sample.  An immediate i n i t i a l  e m is s io n  s i g n a l  was noted ,  and 
then  a gradual  i n c r e a s e  in s i g n a l  o f  ap p rox im ate ly  207„ occurred  
over  the f i r s t  3 m in u tes .  The s i g n a l  then remained c o n s t a n t .  The 
t o t a l  e m i s s i o n  spectrum was recorded .  S im i l a r  m on i tor ing  o f  the  
f l u o r e s c e n c e  w h i l e  f r e e z i n g  the sample d ur in g  e x c i t a t i o n  could  not  
be performed i n i t i a l l y  because  o f  the v i g o r o u s  b ub b l in g .  (An 
experiment  u s in g  slow c o o l i n g  w i th  g a seo u s  n i t r o g e n  w i l l  be d e s c r ib e d  
l a t e r . )  However, the same sample was f r o z e n  w h i l e  i t  was b e in g  
i r r a d i a t e d ,  and the t o t a l  e m is s io n  a g a in  record ed .  In order  to  measure  
r e l a t i v e  quantum y i e l d s ,  the a rea s  o f  the f l u o r e s c e n c e  and phospho­
r e s c e n c e  were measured w i th  a p la n im e te r  in  both  c a s e s .  The r a t i o  of
phosph orescen ce  to  f l u o r e s c e n c e  y i e l d s ,  0o / 0  , was 0 . 8 4  when the sampler r
was fr o z e n  p r i o r  to  e x c i t a t i o n  and 1 .39  when e x c i t e d  during  the  
s o l i d i f i c a t i o n .
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There appear to  be two e f f e c t s  r e q u i r i n g  e x p l a n a t i o n .  F i r s t ,
th e r e  i s  an i n c r e a s e  in  f l u o r e s c e n c e  noted in  MCH/MCP whereas a
d e c r e a s e  was noted in  the case  o f  s i m i l a r  experiment  i n v o l v i n g  IP/3MP.
This  i n c r e a s e  in  f l u o r e s c e n c e  may be due to  an in c r e a s e d  s o l v e n t
quenching because  o f  l o c a l i z e d  m e l t i n g  o f  the  s o f t e r  IP/3MP g l a s s  at
the  p o in t  o f  r a d i a t i o n .  The second e f f e c t  i s  the  change in  the
r e l a t i v e  quantum y i e l d s .  The i n c r e a s e  o f  0Q/0X-, th a t  occurs  when ther r
sample i s  i r r a d i a t e d  dur ing  f r e e z i n g  supports  the  f o l l o w i n g  i n t e r p r e ­
t a t i o n .  There i s  an e x c i t e d  s t a t e  r e a c t i o n  o c c u r r in g  th a t  r e q u ir e s  
some r e o r i e n t a t i o n  or rearrangement o f  in d o le  which i s  f a v o r a b le  to  
an in c r e a s e  in  the  r a t e  o f  i n t e r s y s t e m  c r o s s i n g .  When the  s o l u t i o n  
i s  f ro ze n  p r i o r  to  e x c i t a t i o n ,  the  geometry o f  in d o le  i s  f i x e d  and 
the r e a c t i o n  i s  i n h i b i t e d .
R e l a t i v e  quantum y i e l d  data  from o th e r  measurements were 
compared. The d ata  were ob ta in ed  from measuring the uncorrec ted  a rea s  
o f  phosphorescence  and f l u o r e s c e n c e  w i t h  a p l a n i m e t e r . *  These data  
are  shown in  th e  l e f t  p o r t i o n  o f  Table  1. I t  became apparent  upon 
exam inat ion  o f  t h e s e  r a t i o s  t h a t  samples prepared in  the same s o lv e n t  
on sep ara te  o c c a s i o n s  y i e l d e d  d i f f e r e n t  r e s u l t s .  Although the e m is s io n
C a l i b r a t i o n  data  were a v a i l a b l e  fo r  c o r r e c t i o n  o f  the e x c i t a t i o n  
monochromator.  From a c o r r e c t i o n  curve based on t h e s e  data and the  
manufacturers  average  re s p o n se  curve fo r  the e m is s io n  monochromator 
and p h o t o m u l t i p l i e r  tube,  i t  i s  e s t im a te d  that  the c o r r e c te d  0p/0p  
r a t i o  would be 1 .3  to  1 . 5  t im es  the u n correc ted  r a t i o .  Because or the  
q u a l i t a t i v e  use  o f  t h e s e  d a ta ,  the u n co rrec ted  s p e c tr a  in tr o d u c e  no 
a p p r e c i a b l e  e r r o r .
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Table  1
Regular  S o lv e n t s $J t>P F "Extra Dry" S o l v e n t s 0 / 0  P F
EPA 0 .6 IP/3MP, 1.0x10 ^M Butanol 4 . 6
EPA 0 . 4 It 1 . 0 x10"2M 15
MCH/MCP 0. 3 II 3 . 8 x10"2M 1 .1
IP/3MP 0 .8 II 7 . 0 x10_2M 0. 8
IP/3MP 0 .5 IP/3MP 40
IP/3MP 0 .9 IP/3MP 40
grade s o l v e n t s  were co n s id ered  to  be dry ( p r e s e n c e  o f  w ater  w i l l  cause  
c lo u d in g  or crac k in g  o f  the s o l v e n t  g l a s s  when s u p e r c o o l e d ) ,  the known 
s e n s i t i v i t y  o f  in d o l e  e m is s io n  to  minute q u a n t i t i e s  o f  p o la r  s o l v e n t s  
le d  to  the use o f  " ex tra  dry" s o l v e n t s .  These s o l v e n t s  were d i s t i l l e d  
under vacuum from l i q u i d  c o n t a i n i n g  l i t h i u m  aluminum hyd r id e  through  
g l a s s  wool p lu g s  d i r e c t l y  i n t o  the sample tube .  Such sample prepa­
r a t i o n s  w i l l  be r e f e r r e d  to  as  "very dry" o r  " extra  dry".  Y ie ld  
r e s u l t s  u s in g  t h e s e  s o l v e n t s  are l i s t e d  in  th e  r i g h t  p o r t i o n  o f  Table  1. 
There i s  a v e r y  l a r g e  i n c r e a s e  in  the  y i e l d  o f  phosp h orescence  to  
f 1u o r e s c e n c e .
C o n s id e r a t io n  o f  the s p e c tr a  from which t h e s e  measurements
were taken  w i l l  make d i s c u s s i o n  o f  r e s u l t s  more m ean in g fu l .  The t o t a l
e m is s io n  o f  i n d o l e  in  v e r y  dry MCH/MCP i s  shown in  F igure  13. The
f l u o r e s c e n c e  a t  room temperature i s  e s s e n t i a l l y  a mirror  image o f  the
low es t  energy  a b s o r p t i o n  in  hydrocarbon s o l v e n t  and i s  a s s i g n e d  to the
^L. * A, e m is s io n  o f  the monomer i n d o l e .  At 7 7°K, the f l u o r e s c e n c e  o fb 1
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the same sample shows a d e c r e a s e  in  y i e l d  and more pronounced  
s t r u c t u r e .  There i s  a r e l a t i v e l y  s t r o n g  ph osp h orescen ce .
In e x t r a  dry IP/3MP (F ig u r e  14) a v e r y  unusual e f f e c t  i s  
ob s e r v e d .  From room temperature  down to the g l a s s - p o i n t  o f  the  
s o l v e n t ,  the f l u o r e s c e n c e  i s  th a t  c h a r a c t e r i s t i c  o f  in d o l e  in  
hydrocarbon. When the  t r a n s i t i o n  to  s u p e rco o led  l i q u i d  o c c u r s ,  the  
f l u o r e s c e n c e  i s  quenched, and a v e r y  i n t e n s e  p hosphorescence  appears .  
Except fo r  the i n c r e a s e  in i n t e n s i t y ,  t h i s  phosp h orescen ce  i s  i d e n t i c a l  
w it h  t h a t  in  MCH/MCP. T h is  experiment was rep ea te d  s e v e r a l  t im e s .
In most c a s e s ,  i f  the s l i t  w idth  were t r i p l e d ,  a weak f l u o r e s c e n c e  was 
rec ord ed .  This  weak f l u o r e s c e n c e  s t i l l  p o s s e s s e d  a Franck-Condon  
en ve lop e  w i th  a shape t y p i c a l  o f  in d o le  in  hydrocarbon. On r e tu r n in g  
the  sample to  room tem perature ,  the f l u o r e s c e n c e  was i d e n t i c a l  to
th a t  o r i g i n a l l y  recorded .
3
Kasha has su g g es te d  the  p o s s i b i l i t y  t h a t  the enhanced  
ph osp horescen ce  i s  due to  m i c r o c r y s t a l  form at ion .  In h i s  work w i th  
7 - a z o i n d o l e  in  dry a l l - h y d r o c a r b o n  s o l v e n t s ,  he noted an apparent  
enhancement o f  ph osphorescence  accompanied by a change in  the  
Franck-Condon en v e lo p e  when s o l u t e  m i c r o - c r y s t a l s  were p r e s e n t .
The p r e s e n c e  o f  m i c r o - c r y s t a l s  i s  not b e l i e v e d  to be the  
reason  fo r  the s i m i l a r  o b s e r v a t i o n  in  the case  o f  i n d o l e .  Although a 
change in the  Franck-Condon e n v e lo p e  i s  noted in one c a s e ,  namely  
th a t  o f  in d o le  in hydrocarbon e b u ta no l ,  th e r e  i s  no apparent  change 
in the  en v e lo p e  in  the case  o f  a pure hydrocarbon s o l v e n t .  I t  would 
be r e a s o n a b le  to  assume th a t  the m i c r o - c r y s t u 1 e f f e c t  would be more
68
F igure  14.  T o ta l  e m is s io n  o f  in d o le  in  v e r y  dry IP/3MP a t  RT, 77°K.
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pronounced in  the  a l l - h y d r o c a r b o n  s o l v e n t .  In order  to  i n v e s t i g a t e
t h i s  matter  f u r t h e r  a sample o f  in d o l e  was p laced  in IP/3MP and the
- 3
c o n c e n t r a t i o n  in c r e a s e d  t o  a pp rox im ate ly  10 M so th at  the s o l u t i o n
appeared o p a l e s c e n t  on c o o l i n g  t o  77°K. In t h i s  case  the  f l u o r e s c e n c e
did  d i s a p p e a r ;  however,  no ph osphorescence  was observed  e i t h e r .
4
As e a r l i e r  n o te d ,  Longworth rep o r te d  m i c r o - c r y s t a l l i n e
b eh av ior  o f  in d o l e  in  v e r y  dry 3MP. He reported  th a t  the f l u o r e s c e n c e
was p r e s e n t  but appeared s t r u c t u r e l e s s  and i d e n t i c a l  w i th  the spectrum
o f  in d o le  in  a h y d ro ca rb o n -a lco h o l  m ix tu re .  As s t a t e d  above when a
d im in ish ed  f l u o r e s c e n c e  was observed in  our s t u d i e s ,  the f l u o r e s c e n c e
2
was c h a r a c t e r i s t i c  o f  monomer i n d o l e .  In supp ort ,  Konev noted that
in d o l e  in  a nonpolar s o l v e n t  (hexane)  e x h i b i t s  hard ly  any f l u o r e s c e n c e
and g i v e s i n t e n s e  p h osp h orescen ce .  P o s s i b l y  one o f  the b e t t e r  arguments
a g a i n s t  the m i c r o - c r y s t a l  i n t e r p r e t a t i o n  r e s u l t s  from the quantum
y i e l d  s t u d i e s  p r e v i o u s l y  d i s c u s s e d .  The r a t i o  i s  d i f f e r e n t  whenr r
the  same sample i s  f r o z e n  b e f o r e  r a d i a t i o n  in comparison w i th  the
r a t i o  when the sample i s  f r o z e n  during r a d i a t i o n .  Presumably the
degree  o f  m i c r o - c r y s t a l  format ion  would be the same in  e i t h e r  c a s e .
In v ery  dry IP/3MP c o n t a i n i n g  small  to  l a r g e  q u a n t i t i e s  o f
1 - b u ta n o l ,  a v a r i e t y  o f  e f f e c t s  are  ob served .  In ap p rox im ate ly  5x10
1 -b u ta n o l  the  e m i s s i o n s  at  room temperature  and 77°K are  s t i l l  s i m i l a r
to  th ose  o f  i n d o l e  in  hydrocarbon (F ig u r e  15 ) .  The f l u o r e s c e n c e  y i e l d
a p p a r e n t ly  d e c r e a s e s  a t  low temperature  r e l a t i v e  to th at  a t  room
- 2
temperature .  When the c o n c e n t r a t i o n  i s  in c r e a s e d  to 3 .8x10 M the  
f l u o r e s c e n c e  s t i l l  shows s t r u c t u r e  a t  room temperature .  At low
70
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temperature  the measured area  o f  f l u o r e s c e n c e  i s  s i m i l a r  to the  area  
at  room temperature  f o r  the  same s l i t  w id th  (F igu r e  1 6 ) .
At a c o n c e n t r a t i o n  o f  1x10 (a p p r o x im a te ly  1%) 1 - b u ta n o l ,  
the room temperature  f l u o r e s c e n c e  i s  now the  broad s t r u c t u r e l e s s  band 
c h a r a c t e r i s t i c  o f  i n d o l e  in  a l c o h o l .  The maximum i s  r e d s h i f t e d  
a p p rox im ate ly  2000 cm  ̂ i n  comparison w i th  th a t  o f  i n d o l e  in  IP/3MP.
At low temperature the  e m i s s i o n  i s  s i m i l a r  to  th a t  a t  lower a l c o h o l  
c o n c e n t r a t i o n .
This  l a s t  measurement seemed to i n d i c a t e  th a t  th e r e  i s  a
temperature  e f f e c t  o th e r  than t h a t  a s s o c i a t e d  w i th  the normal in c r e a s e d
r e s o l u t i o n  o f  v i b r a t i o n a l  s t r u c t u r e  a t  low temperature .  For a more
- 2
c a r e f u l  s tudy ,  a s o l u t i o n  o f  i n d o l e  in  7x10 M 1 -b u ta n o l  was examined;  
the v a r i a b l e  temperature  d e v i c e  d e s c r ib e d  in  the ex p er im en ta l  s e c t i o n  
was used.  At 24°C, 35 to 36°C, and 44 to  45°C, the f l u o r e s c e n c e  band 
shape was unchanged; the i n t e g r a t e d  f l u o r e s c e n c e  d ecre a se d  ap p rox im ate ly  
107, as  the sample was heated  from 24 to  4 5 ° .  The sample was then  
s l o w l y  c o o l e d .  Some o f  the  e m i s s i o n  curves  and the  temperature  range 
a t  which they  were measured are shown in  F igure  17.  The f l u o r e s c e n c e  
o f  in d o le  a t  - 6 3 . 5  to  -64°C has the same s p e c t r a l  shape as  th a t  a t  room 
temperature  and has a maximum a t  325 nm. The measured a r e a ,  however,  
has in c r e a s e d  over 1007,. As th e  s o l u t i o n  was f u r t h e r  c o o l e d ,  the  
broad band began to  show s t r u c t u r e .  The appearance o f  s t r u c t u r e  
occurred between -100  and -140°C. The f l u o r e s c e n c e  y i e l d  appeared to  
i n c r e a s e  u n t i l  the p o in t  at  which the curve from -1 6 4  to  -165°C was 
measured.  The on ly  change noted from a comparison o f  t h i s  spectrum
72
Figure  16. T o ta l  e m is s io n  o f  in d o l e  in  v e r y  dry IP/3MP, 3 .8 x lO ~ 2M
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Figure  17. E m iss ion - tem p eratu re  study o f  i n d o l e  
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w i th  one measured from -1 8 8  to  - 1 9 0 °  was a s l i g h t  d e c r e a s e  in  y i e l d .
As the  measured temperature d ecre ase d  beyond - 1 9 2 ° ,  the n i t r o g e n  gas  
began to  l i q u i f y .  The th i r d  spectrum shown ( - 1 9 5  to  -196°C) was taken  
a f t e r  the Dewar had f i l l e d  w i th  l i q u i d  n i t r o g e n .  In t h i s  spectrum  
th e  p h osphorescence  i s  p r e s e n t  and th e r e  i s  an apparent  fu r t h e r  
d e c r e a s e  in  f l u o r e s c e n c e  i n t e n s i t y . *
This  b eh av ior  o f  in d o le  in  a l c o h o l i c  s o l v e n t  a t  d i f f e r e n t  
tem peratu res  i s  confirmed by the  e m i s s i o n  o f  in d o l e  in Mixed A l c o h o l i c  
s o l v e n t  (F ig u r e  18 ) .  At room tem peratu re ,  th e r e  i s  a broad 
s t r u c t u r e l e s s  f l u o r e s c e n c e  w i th  a maximum a t  30 ,300  cm  ̂ compared to  
the f l u o r e s c e n c e  in  v ery  dry hydrocarbon around 33 ,500  cm \  At 
l i q u i d  n i t r o g e n  temperature  the  f l u o r e s c e n c e  in  a l c o h o l  i s  s t r u c t u r e d  
and b lue  s h i f t e d  to a maximum o f  32 ,900  cm There i s  a weak 
phosp h orescen ce  e v i d e n t  even though t h i s  sample was not  d e g a s s e d .  A 
s i m i l a r  s e r i e s  o f  r e s u l t s  i f  found in  the  case  o f  in d o le  in  EPA.
A s l i g h t  temperature  e f f e c t  on the  c o r r e c t e d  e x c i t a t i o n
s p e c tr a  o f  in d o l e  in  Mixed A lcoho l  i s  observed  when the  f l u o r e s c e n c e
i s  monitored a t  the  r e s p e c t i v e  e m is s io n  maxima. At room temperature
-1 othe  e x c i t a t i o n  spectrum shows a maximum at  35 ,700  cm . At 77 K, the  
r e l a t i v e  i n t e n s i t i e s  of  the two peaks are  r e v e r s e d ,  and the  maximum 
e x c i t a t i o n  occu rs  at  34 ,800  cm This  e f f e c t  and the broadening at
* I t  i s  p o s s i b l e  th a t  a p o r t io n  o f  t h i s  d e c r e a s e  i s  the r e s u l t  o f  s i g n a l  
a t t e n u a t i o n  by the l i q u i d  n i t r o g e n .  However, a d e c r e a s e  in the  
f l u o r e s c e n c e  i n t e n s i t y  o f  samples a t  h ig h e r  temperature  was ob served ,  
and in  o th e r  c a s e s  an in c r e a s e  in i n t e n s i t y  was ob served .  Because o f  
t h e s e  o b s e r v a t i o n s ,  the magnitude o f  t h i s  a t t e n u a t i o n  i s  presumably  
n e g l i g i b l e .
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room temperature  are a t t r i b u t e d  to the normal i n t e n s i f i c a t i o n  a t  low 
temperature  due to a narrowing o f  the band w idth  and s o l v e n t  c o n t r a c t i o n  
a t  lower temperatures  (F igur e  19 ) .
The temperature  s tudy and the r e l a t e d  d i f f e r e n c e s  in  in d o le  
f l u o r e s c e n c e  in  a l c o h o l i c  s o l v e n t  a t  room temperature  and 77°K appear  
t o  be in  agreement w i th  the two quenching p r o c e s s e s  p r e v i o u s l y  d i s ­
c u s s e d . ^ ’  ̂ Our r e s u l t s  are confirmed by the temperature  s t u d i e s  o f  
E i s i n g e r  and Navon^ who rep or te d  a b lue  s h i f t  and development o f  
v i b r a t i o n a l  s t r u c t u r e  on c o o l i n g .  There i s  a l s o  agreement in  th a t  they  
n o te  th a t  most o f  the  observed i n c r e a s e  in  f l u o r e s c e n c e  quantum y i e l d  
t a k e s  p la c e  above the  temperature  at  which t h e s e  s p e c t r a l  changes  
o ccu r .  In our case  i t  i s  a l s o  noted t h a t  the s h i f t  and s t r u c t u r e  
development are  r e l a t i v e l y  complete  a t  t em peratures  above th ose  a t  
which the phosphorescence  f i r s t  appears .  The temperature  dependent  
quenching p r o c e s s  i s  e v i d e n t l y  dominant u n t i l  a temperature  near  
-160°C i s  reached because  the  f l u o r e s c e n c e  y i e l d  i n c r e a s e s  w i th  
d e c r e a s i n g  temperature  u n t i l  t h i s  temperature  i s  a t t a i n e d .
The room temperature  e m is s io n  spectrum of  in d o le  in  
a c e t o n i t r i l e , F igure  20,  i s  in c lu d ed  to  demonstrate t h a t  the broad 
s t r u c t u r e l e s s  f l u o r e s c e n c e  observed  i s  not s p e c i f i c  to  hydrogen-bonding  
s o l v e n t s .
P r e l im in a r y  s t u d i e s  o f  the lu m in escence  o f  the methyl i n d o l e s  
have been comple ted .  The e x c i t a t i o n  and e m is s io n  s p e c tr a  o f  
1 - m e t h y l in d o le  (1MI),  2 -methyl in d o le  (2MI), and 3 -m e th y l in d o le  (3MI)
77
F ig u r e  19 F lu o r e s c e n c e  e x c i t a t i o n  s p e c t r a  o f  i n d o l e  in  Mixed Alcohol  
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in  a l c o h o l  and v e r y  dry hydrocarbon s o l v e n t s  were measured.  F ig u r e  21 
shows th e  room temperature  a t  77°K e m is s io n  o f  1MI in v ery  dry 3MP.
Like t h a t  o f  i n d o l e ,  the f l u o r e s c e n c e  o f  1MI in hydrocarbon b ears  a 
m irror- im age  r e l a t i o n  to th e  low energy  a b s o r p t i o n  spectrum. The low 
temperature  spectrum i s  s i m i l a r  to t h a t  a t  room temperature  but has the  
ex p e c te d  sharper  v i b r a t i o n a l  s t r u c t u r e .  A weak phosphorescence  i s  
r e c o r d e d .
In Mixed A lcoh o l  (MA) the room temperature  f l u o r e s c e n c e  o f  
1MI i s  a broad band which i s  cen te r e d  a t  3 0 ,300  cm \  At 77°K the  
f l u o r e s c e n c e  i s  s t r u c tu r e d  and has an e n v e lo p e  s i m i l a r  to th at  o f  1MI 
i n  hydrocarbon, and a phosphorescence  l i k e  t h a t  o f  in d o le  i s  seen  
( F ig u r e  2 2 ) .
A low temperature  e x c i t a t i o n  spectrum o f  1MI in  3MP 
monitored in  the  lo n g -w a v e le n g th  p o r t i o n  o f  the f l u o r e s c e n c e  showed a 
band a t  32 ,900  cm This  band, seen a l s o  a t  room temperature  
(F ig u r e  2 3 ) ,  i s  ana logou s  to  the  lo n g -w a v e le n g th  shou lder  noted in the  
a b s o r p t i o n  spectrum. E x c i t a t i o n  a t  t h i s  w ave leng th  produced an 
apparent  enhancement o f  the low energy  f l u o r e s c e n c e ;  the  
phosp horescen ce  was not ob served .  The s p e c t r a  were normalized  so th at  
the  i n t e n s i t i e s  a t  31 ,800  cm  ̂ were equal  (F igu r e  2 4 ) .  This  n orm al i ­
z a t i o n  could  not  be accom pli shed  e l e c t r o n i c a l l y  w i th o u t  o v e r l o a d in g  
the a m p l i f i e r ;  thus  changes in  s l i t  w i d t h s ,  as  noted on the legend o f  
the f i g u r e ,  were made. Measurements o f  o th er  s p e c tr a  at  s i m i l a r  s l i t  
w id th s  su g g e s t e d  th a t  i t  i s  probable  th a t  t h i s  apparent  enhancement o f  
the f l u o r e s c e n c e  i s  due to  e x c i t i n g  l i g h t  s c a t t e r  u n d e r ly in g  the
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Figure  23.  F lu o r e s c e n c e  e x c i t a t i o n  s p e c t r a  o f  1 -m e t h y l in d o le  a t  RT, 77 K.
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spectrum and should  be d i s c o u n t e d .  I n s u f f i c i e n t  work has been 
performed on t h i s  compound to a s c e r t a i n  whether  the "bump" in  the  
a b s o r p t i o n  and e x c i t a t i o n  s p e c tr a  i s  a p e c u l i a r i t y  o f  1MI or i s  the  
r e s u l t  o f  an impurity  e f f e c t .  N e i t h e r  t h i s  band nor s i m i l a r  
e x c i t a t i o n  e f f e c t s  were noted in 2MI or 3MI.
The f l u o r e s c e n c e  e m is s io n  o f  2MI in  dry hydrocarbon  
(F igur e  25) shows l e s s  s t r u c t u r e  than the  f l u o r e s c e n c e  o f  1MI.
Unl ike  the f l u o r e s c e n c e  o f  o th e r  i n d o l e s ,  the f l u o r e s c e n c e  i s  s h i f t e d  
to  lower e n e r g i e s  a t  low tem perature .  There i s  observed  a s t r o n g e r  
phosp horescen ce  r e l a t i v e  t o  e i t h e r  th a t  o f  1MI or that  o f  3MI. The 
c h a r a c t e r i s t i c  broad f l u o r e s c e n c e  o f  2MI at  room temperature in  
a l c o h o l  i s  ob served .  The maximum occu rs  a t  2 9 ,200  cm The 
e x c i t a t i o n  s p e c tr a  o f  2MI in  a l c o h o l  and hydrocarbon are s i m i l a r  to  
each o th er  and to th a t  o f  1MI in a l c o h o l .
Emiss ion s p e c t r a  o f  3MI in  dry hydrocarbon are  shown in  
Figure  26.  In comparison w i t h  the 2MI r e s u l t s ,  the maximum s h i f t s  
l e s s  as the temperature  i s  lowered.  In 3MI the sharp band on h igh  
energy  edge o f  the room temperature  f l u o r e s c e n c e  becomes l e s s  
prominent a t  77°K. This  b ehav ior  i s  confirmed in the f l u o r e s c e n c e  
e x c i t a t i o n  s p e c t r a  ob ta in ed  from 3MI the  same tem peratu res ;  i t  i s  
noted th a t  the s t r u c t u r e  p r e s e n t  in  the room temperature  spectrum i s  
l e s s  prominent a t  77°K. In a l c o h o l  a t  room temperature ,  the broad 
f l u o r e s c e n c e  i s  at 28 ,6 0 0  cm The e x c i t a t i o n  s p e c tr a  of  3MI in
a l c o h o l  and hydrocarbon show no unusual e f f e c t s .
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Although th e r e  are  c e r t a i n  i r r e g u l a r  e f f e c t s  noted fo r  the
m e t h y l i n d o l e s , t h e i r  s p e c t r o s c o p i c  p r o p e r t i e s  in  g e n e r a l  p a r a l l e l
th o s e  o f  i n d o l e .  In summary, 1) each  shows a s t r u c t u r e d  m irror- im age
type  f l u o r e s c e n c e  in  hydrocarbon s o l v e n t s  and the lower energy
s t r u c t u r e l e s s  f l u o r e s c e n c e  in  a l c o h o l i c  s o l v e n t ;  2) in  the c a s e s
measured,  the low temperature  f l u o r e s c e n c e  in  a l c o h o l  i s  s i m i l a r  to
t h a t  in  hydrocarbon; and 3) the  f l u o r e s c e n c e  e x c i t a t i o n  and
a b s o r p t i o n  s p e c t r a  i n  a l c o h o l  a n d  h y d r o c a r b o n  a r e  s i m i l a r .  I n
a d d i t i o n ,  a l th ou gh  the complete quenching o f  the f l u o r e s c e n c e  in dry
hydrocarbon has not  been ob served ,  the 0D/ 0  fo r  2MI i s  app rox im ate ly
r  F
fou r  t imes  th a t  f o r  1MI or 3MI.
C. D i s c u s s i o n  o f  Four T h eo r ie s
I t  i s  n e c e s s a r y  a t  t h i s  p o in t  to  examine some o f  the  
ex p er im en ta l  data  in  terms o f  the four models proposed .  There i s
g e n e r a l  agreement th a t  the low es t  energy a b s o r p t i o n  i s  a ♦-
t r a n s i t i o n  and th a t  th e r e  i s  a h igh er  energy  Â  t r a n s i t i o n  in
the  f i r s t  band. According to  the dual e m is s io n  th eo ry ,  th e r e  i s
s im u lta n eo u s  e m is s io n  from both  s t a t e s  o f  the m o lec u le  in  nonpolar
8 1 1  s o l v e n t s .  Mataga, e £  al_. proposed a r e v e r s a l  o f  the L and
s t a t e s  o f  in d o le  in the  e q u i l i b r i u m  e x c i t e d  s t a t e  so t h a t  the
s t a t e  becomes the o n ly  e m i t t i n g  s t a t e .
The g e n e r a l  dual e m is s io n  scheme could  then be r e p r e se n te d
by the two c a s e s  shown in F igure  27.  The a b s o r p t i o n  i s  r e p r e se n te d  by
p aths  1 and 2 and 1 1 and 2' and i s  the same in e i t h e r  c a s e .  The
88
F ig u r e  27.  S ta te  l e v e l s  in the dual e m is s io n  th eory .
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e l e c t r o n i c  t r a n s i t i o n  in  a b s o r p t i o n  o c c u r s  in  ap p rox im ate ly  10 ^ s e c .
The e q u i l i b r i u m  e x c i t e d  s t a t e  i s  reached by a p r o c e s s  which r e q u i r e s
-13s e v e r a l  v i b r a t i o n a l  p e r io d s  (10 s e c )  a s  fa r  a s  adjustment  fo r  
s i z e  and a t ime o f  the order  o f  10 ^  s e c  i f  s o l v e n t  r e o r i e n t a t i o n  
i s  i n v o l v e d . ^  The l i f e t i m e  o f  in d o le  in  hydrocarbon was measured 
in  t h e s e  l a b o r a t o r i e s ,  i s  shown in  T.-ble 2 ,  and i s  compared w i th  data  
from Walker,  (2t  a_l • ^  fo r  i n d o l e s  in  l^O.
Table  2
Compound T Hydrocarbon t H„0
f  /  \  J b  2m f  V( n s e c )  ( n s e c )
In d o le  2 . 5  ± 0 . 6  4 . 1
1 -M e th y l in d o le  6 . 7  i  0 . 5  8 . 5
2 -M e th y l in d o le  3 . 2  ± 0 . 4  2 . 0
3-Methyl in d o l e  3 . 0  ± 0 . 5  9 .1
I f  s im u ltan eou s  dual e m is s io n  from i n d o l e  in  nonpolar
s o l v e n t s  o c c u r s ,  i t  r e q u i r e s  th a t  the  two s t a t e s  be n e a r l y  d eg en era te
and th a t  e i t h e r  the r a d i a t i o n l e s s  decay ( i n t e r n a l  co n v e r s io n )  from
the to  ^L, s t a t e s  be o f  the order  o f  the  e x c i t e d  s t a t e  l i f e t i m ea b
or th at  thermal r e p o p u la t io n  o f  the s t a t e  occur  v i a  path 3. I f
Si
slow i n t e r n a l  co n v ern s io n  were t r u e ,  then  s e l e c t i v e  e x c i t a t i o n  to the
^L, s t a t e  should produce a d i f f e r e n t  e m i s s i o n .  This  experiment  was b
t r i e d  in the c a s e  o f  i n d o l e  and produced n e g a t i v e  r e s u l t s .  Our o b s e r ­
v a t i o n  o f  a temperature  e f f e c t  does  i n d i c a t e  that  an a c t i v a t i o n
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e n e r g y  i s  i n v o l v e d  a n d  t h a t  t h e r e  i s  a  p o s s i b i l i t y  t h a t  a  d i f f e r e n t  
s t a t e  o r  d i f f e r e n t  s p e c i e s  e m i t s  i n  n o n p o l a r  s o l v e n t s .
I n  c o n s i d e r i n g  t h e  r e v e r s a l  o f  t h e  s t a t e s  i n  p o l a r  s o l v e n t s ,
M a t a g a  d i d  n o t  s u g g e s t  a  p a t h  o f  r e l a x a t i o n  b y  w h i c h  t h e  s t a t e
b e c o m e s  t h e  l o w e s t  e q u i l i b r i u m  e x c i t e d  s t a t e .  P r e s u m a b l y  t h i s  p a t h
c o u l d  i n v o l v e  t h e  F r a n c k - C o n d o n  s t a t e  e i t h e r  d e c a y i n g  r a p i d l y  t o3
t h e  F r a n c k - C o n d o n  s t a t e  f o l l o w e d  b y  r e l a x a t i o n  t o  t h e  e q u i l i b r i u m
s t a t e  o r  a  r e l a x a t i o n  d i r e c t l y  t o  t h e  e q u i l i b r i u m  s t a t e .  I fQ 3
d i r e c t  r e l a x a t i o n  w e r e  t o  p r e d o m i n a t e  t h a n  a  c h a n g e  i n  t h e  w a v e l e n g t h  
o f  e x c i t a t i o n  s h o u l d  p r o d u c e  a  d i f f e r e n c e  i n  t h e  e m i s s i o n .  T h i s  
r e s u l t  h a s  n o t  b e e n  o b s e r v e d .  I f  t h e  s t a t e - r e v e r s a l  t h e o r y  i s  t r u e ,  
t h e  f a c t  t h a t  t h e  t y p e  t r a n s i t i o n  i s  o b s e r v e d  a t  l o w
t e m p e r a t u r e  i n  p o l a r  s o l v e n t s  i m p l i e s  t h a t  t h e  s o l v e n t  i s  p r e v e n t e d  
f r o m  r e o r i e n t i n g  a n d  t h e  e m i s s i o n  i s  f r o m  a  F r a n c k - C o n d o n - l i k e  s t a t e .  
We  c o n s i d e r  t h i s  e x p l a n a t i o n  u n l i k e l y  b e c a u s e  t h e  s t r u c t u r e d  f l u o r e s ­
c e n c e  T p p e a r s  a t  a  t e m p e r a t u r e  a t  w h i c h  t h e  s o l v e n t  i s  r e l a t i v e l y  
f l u i d .
A s e c o n d  t h e o r y  i n v o l v e s  a n  e x p l a n a t i o n  o f  r e s u l t s  s o l e l y  i n  
t e r m s  o f  a  s o l v e n t  r e o r i e n t a t i o n  e f f e c t .  U s i n g  p r i m a r i l y  t h e i r  
o b s e r v a t i o n s  o f  a  c o n t i n u o u s  s h i f t  a n d  t h e  l a c k  o f  a n  i s o e m i s s i v e  
p o i n t  i n  s t u d y i n g  t h e  f l u o r e s c e n c e  s h i f t  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  
E i s i n g e r  a n d  N a v o n ^  s u g g e s t e d  t h a t  t h e  s o l v e n t  s h i f t  w a s  a  r e s u l t  o f  
r e o r i e n t a t i o n  o f  s o l v e n t  m o l e c u l e s .  T h e  s p e c i f i c  d e c r e a s e  i n  e n e r g y  
w o u l d  b e  r e l a t e d  t o  t h e  n u m b e r  o f  m o l e c u l e s  t h a t  c o u l d  r e o r i e n L  
d u r i n g  t h e  l i f e t i m e  o f  t h e  e x c i t e d  s t a t e .
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Many workers ,  however,  have d e s c r ib e d  the change in
f l u o r e s c e n c e  from nonpolar to p o la r  s o l v e n t s  as a d isap p e aran ce  o f  one
band, the appearance o f  a new band, and the s h i f t  o f  t h i s  new band.
2
For example,  Konev w r i t e s  in  terms of  a s h i f t  accompanied by the  
d isap pearance  o f  the s h o r t -w a v e le n g th  f l u o r e s c e n c e  (^L^) band due t o
Q
hydrogen bonding o f  two s p e c i e s .  Mataga s t a t e s  th a t  the r e l a t i v e
i n t e n s i t y  o f  the ^L, t r a n s i t i o n  d e c r e a s e s  and a broad band a r i s e s  a tb
lo n g e r  w ave len gth ;  i t  i s  t h i s  broad band th a t  fu r t h e r  s h i f t s  to the re 
red as the a l c o h o l  c o n c e n t r a t i o n  i n c r e a s e s .  Walker,  ej: a_l.  ̂ i n t e r p r e t  
t h e i r  data in  terms o f  a chemical  r e a c t i o n  t o  form a new s p e c i e s  at  
low a l c o h o l i c  c o n c e n t r a t i o n .  As the  c o n c e n t r a t i o n  becomes g r e a t e r  
than 1 M, i t  i s  the f l u o r e s c e n c e  due t o  t h i s  new s p e c i e s  t h a t  s h i f t s  
to  the r e d . .
4
In a d d i t i o n ,  Longworth,  in  what we judge to  be a more 
c a r e f u l  s e r i e s  o f  measurements (dry s o l v e n t s ,  e x a c t  c o n t r o l  o f  
c o n c e n t r a t i o n ) ,  was a b le  to o b ta in  r e p r o d u c ib le  i s o e m i s s i v e  p o i n t s  and 
a 1:1 s t o i c h i o m e t r y  f o r  compounds between a s e r i e s  o f  i n d o l e s  and 
a l c o h o l .  Each o f  the above exper im ents  im p l i e s  th a t  th ere  are two 
e m i t t i n g  s p e c i e s ;  one has a s t r u c t u r e d  f l u o r e s c e n c e  and the o th e r  has  
a lower energy ,  broad s t r u c t u r e l e s s  f l u o r e s c e n c e .
Although r e o r i e n t a t i o n  o f  s o l v e n t  i s  o b v i o u s l y  in v o lv e d  in  
r ea c h in g  the e q u i l i b r i u m  e x c i t e d  s t a t e ,  the predominant ex p e r im e n ta l  
d ata  su g g es t  that  t h i s  r e o r i e n t a t i o n  i s  n e i t h e r  the s o l e  nor majior 
f a c t o r  in e x p l a i n i n g  the anomalous b eh av ior  o f  i n d o l e .
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l a  prop os in g  the th eory  o f  e x i p l e x  fo rm a t io n ,  Walker,
e t  al^"*’ ^  observed th e  appearance o f  a d i f f e r e n t  f l u o r e s c e n c e  a t  a
c o n c e n t r a t i o n  low enough to have a n e g l i g i b l e  e f f e c t  on bulk s o l v e n t
p r o p e r t i e s .  They proposed a r e a c t i o n  o f  e x c i t e d - s t a t e  in d o le  w i th
a l c o h o l  to form an e x c i t e d - s t a t e  complex.  T heir  r e s u l t s  in  the  case
o f  i n d o l e ,  1-methyl in d o le  and 1 , 3 - d im e t h y l i n d o l e  in  a s s o c i a t i n g
s o l v e n t s  were c o n s i s t a n t  w i th  a 1:2  complex o f  the i n d o l e  w i th
s o l v e n t .  In n o n a s s o c i a t i n g  p o lar  s o l v e n t s  th e r e  was a 1:1 e x c i p l e x .
The f a c t  th a t  the 1 - s u b s t i t u t e d  i n d o l e s  and i n d o l e  i t s e l f  formed
s i m i l a r  1:2  complexes was used to  e l i m i n a t e  the p o s s i b i l i t y  o f  an
e f f e c t  due to hydrogen bonding.
These au th ors  have shown r a th e r  c o n c l u s i v e l y  th a t  the
s o l v e n t - i n d u c e d  l o s s  in  v i b r a t i o n a l  s t r u c t u r e  and apparent red s h i f t
are  the  r e s u l t  o f  two superimposed e m i s s i o n s ;  one o f  which i s  the
^L, A, e m is s io n  o f  monomer in d o le  and the o ther  an e m i s s i o n  due to  b 1
a complex between an e x c i t e d  s o l u t e  m olecu le  and a g r o u n d - s t a t e  
s o l v e n t  m o le c u le .  By s u b t r a c t i n g  the  monomer f l u o r e s c e n c e  from the  
t o t a l  f l u o r e s c e n c e  and c a l c u l a t i n g  the in t e g r a t e d  i n t e n s i t y  o f  each  
w it h  r e s p e c t  to  w ave len g th ,  they  found the i n t e n s i t y  r a t i o  to  obey  
the  r e l a t i o n ,
h n H - KiSM]"> ( ‘ >
in which I,, i s  the  i n t e n s i t y  o f  e x c i p l e x  e m i s s i o n ,  T that  of  monomer L M
i n d o l e ,  I J  i s  the monomer solvcnL c o n c e n t r a t i o n  and K i s  a con stant
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a t  p h o t o s t a t i o n a r y  c o n d i t i o n s  and depends on th e  nature  o f  the s o l v e n t .  
V alues  o f  K ob ta in ed  by Walker,  eji aj .̂ are  reproduced in Table 3.
Table  3
Complex form at ion  c o n s t a n t s *
S o lv e n t In do leK
1-M e th y l i n d o l e  
K
D i e t h y l  e th e r 0. 20 0..14
1 , 4 -d ioxan e 0. 28 0., 20
A c e t o n i t r i l e 1. 21 0. 79
1 -b u tan o l 109. 60 12..03
Methyl a l c o h o l 141. 30 9. 55
Reproduced from r e f .  [ 5 ] .
As p r e v i o u s l y  n o ted ,  Longworth d i s p u te d  the 1:2  e x c i p l e x  
on the b a s i s  o f  h i s  f i n d i n g  o f  a 1:1 s t o i c h i o m e t r y  f o r  a s e r i e s  o f  
i n d o l e s  in a l c o h o l .  With the e x c e p t i o n  o f  the e v id e n c e  used to  
propose  a 1:2 complex (which depends on the  s u c c e s s f u l  i n t e g r a t i o n  
o f  i n t e n s i t i e s  o f  o v e r l a p p i n g  f l u o r e s c e n c e  b an ds) ,  the data  o f  Walker,  
e t  a L i s  not q u e s t i o n e d .  The i n t e r p r e t a t i o n  of  the f o r c e s  in v o l v e d ,  
however,  seems i n c o n s i s t e n t  w i th  t h e i r  data  and t o t a l l y  i n c o n s i s t e n t  
w ith  the r e s u l t s  o b ta in ed  in  t h e s e  l a b o r a t o r i e s .  They propose a 
charge resonance  s t a b i l i z a t i o n  of  the e x c i p l e x  r e s u l t i n g  from charge  
t r a n s f e r  out o f  the lo w e s t  e x c i t e d  s t a t e  o f  in d o le  to  the  low es t  
u n f i l l e d  o r b i t a l  cf the  s o l v e n t .  Because the degree  o f  s t a b i l i t y  should  
then  on ly  be r e l a t e d  to the i n t e r a c t i o n  o f  the e l e c t r o n i c  s t a t e s ,  t h i s
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model does  not account  f o r  the d i f f e r e n c e s  observed  in  the a s s o c i a t i n g  
and n o n a s s o c i a t i n g  s o l v e n t s .  For example,  the K f o r  p o l a r - p r o t i c  
s o l v e n t s  i s  100-600  t im es  as  l a r g e  as the K f o r  p o l a r - n o n p r o t i c  
s o l v e n t s .  S i m i l a r l y ,  i f  the i n d o l e  n i t r o g e n  atom i s  not in v o lv e d  in  
some r e s p e c t ,  th e r e  i s  no e x p l a n a t i o n  fo r  the f a c t  th a t  the K v a l u e s  
fo r  1 -rae th y l indo le  are o n ly  1 /1 5  - 1 /10  th o se  fo r  in d o l e  in  the same 
a l c o h o l i c  m ix tu re .  In a d d i t i o n ,  i t  would be e x c e e d i n g l y  d i f f i c u l t  to  
e x p l a i n  the temperature  e f f e c t  on the b a s i s  o f  a charge t r a n s f e r  
complex.  The r a t e  o f  complex format ion  should be d i f f u s i o n  c o n t r o l l e d  
and should show l i t t l e  or no a c t i v a t i o n  energy  in  co n c e n tr a te d  
a l c o h o l i c  s o l u t i o n s .
The th eory  con cer n in g  an e x c i t e d  s t a t e  p roton  t r a n s f e r
r e a c t i o n  has been p resen ted  by i t s  au th ors  to  e x p l a i n  the f l u o r e s c e n c e
quenching ra th e r  than the f l u o r e s c e n c e  s h i f t ,  a l th ou gh  in Chapter I
(S e c .  C) an example o f  i n t r a m o l e c u la r  proton  t r a n s f e r  which produced a
12la r g e  f l u o r e s c e n c e  red s h i f t  was p r e s e n t e d .  S try er  proposed a proton
t r a n s f e r  from in d o le  to e x p l a i n  the d e c r e a s e  in f l u o r e s c e n c e  y i e l d  o f
i n d o l e  in Ĥ O as compared to t h a t  o f  in d o le  in  D2O. He i n t e r p r e t e d
the quenching to be due to  a proton  t r a n s f e r  during  the e x c i t e d - s t a t e
l i f e t i m e ;  the e f f e c t  o f  the D2O i s  to  i n h i b i t  t h i s  t r a n s f e r .  He noted
no i s o t o p e  e f f e c t  in the  case  fo r  1-methyl  in d o le  a l th o u g h  o t h e r s  have
noted an i s o t o p e  e f f e c t  on the f l u o r e s c e n c e  l i f e t i m e  o f  t h i s  
1 3compound. This  p o in t  w i l l  be co n s id ered  l a t e r .  The p o s s i b i l i t y  
th a t  the o p p o s i t e  r e a c t i o n  ( e x c i t e d - s t a t e  t r a n s f e r  o f  a proton  from 
the s o l v e n t  to the i n d o le )  has the same f l u o r e s c e n c e  quenching e f f e c t
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14 + —was d i s c u s s e d  by Lehrer .  Both the — NĤ  and — N forms o f  in d o l e  are
r e l a t i v e l y  n o n f l u o r e s c e n t . ^
The g r e a t  d i v e r s i t y  in  the observed  lu m in e s c e n c e s  o f  in d o l e
i n d i c a t e  th a t  the e x c i t e d  s t a t e s  o f  in d o l e  a re  more in v o lv e d  than any
o f  t h e s e  t h e o r i e s  imply .  Furthermore the v a s t  change in  r e l a t i v e
p hosphorescence  to  f l u o r e s c e n c e  y i e l d s  o f  i n d o l e  in  d i f f e r e n t  s o l v e n t s
s u g g e s t s  th a t  the i n t e r s y s t e m  c r o s s i n g  r a t e  must be an important
c o n s i d e r a t i o n  in  any th eo ry  proposed .  The y i e l d  changes  a l s o  s u g g e s t
t h a t  n ,n *  s t a t e s  are  in v o lv e d  in  the i n t e r s y s t e m  c r o s s i n g  p r o c e s s .
The f o l l o w i n g  d i s c u s s i o n  adapted from Lower and E l - S a y e d ^  w i l l
i l l u s t r a t e  t h i s  p o i n t .
The p r o b a b i l i t y  o f  r a d i a t i o n l e s s  t r a n s i t i o n  from the  s i n g l e t
to  t r i p l e t  s t a t e  i s  p r o p o r t io n a l  to  the square o f  the e x p e c t a t i o n
v a lu e  o f  the p e r tu r b in g  o p e r a to r  c o n n e c t in g  t h e s e  s t a t e s .  Because t h i s
t r a n s i t i o n  i s  between s t a t e s  of  d i f f e r e n t  m u l t i p l i c i t i e s ,  the
p e r tu r b in g  o p e r a to r  i s  the s p i n - o r b i t  c o u p l in g  p art  o f  the t o t a l
Hamiltonian .  From s e v e r a l  a r t i c l e s  r e f e r e n c e d  in  the Lower and E l -
E l-Sayed a r t i c l e ,  i t  i s  shown th a t  to  the f i r s t  o r d e r ,  s p i n - o r b i t
c o u p l in g  i s  forb id d en  between s t a t e s  o f  the same c o n f i g u r a t i o n .
S p i n - o r b i t  co u p l in g  between two n, tt* s t a t e s  o f  d i f f e r e n t  c o n f i g u r a t i o n s
is also forbidden, and int e r a c t i o n  b e t w e e n  two tt, tt* states is
fo rb id d en .  A summary o f  t h e s e  s e l e c t i o n  r u l e s  f o l l o w s :
( S n . " * K o l T n , W > -  - 0  < 2 >
and
(s _  be |t , ) /  u
11, TT* r s o  11, TT*
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or in o th e r  words,  n ,n *  ** tt,  tt*  in t e r c o m b i n a t i o n s  are a l lowed and 
tt,  tt*  ~  tt,  tt*  and n , tt*  *♦ n, tt*  are fo rb id d en  between s t a t e s  o f  d i f f e r e n t  
c o n f i g u r a t i o n s .  These s e l e c t i o n  r u l e s  and the  e f f e c t  o f  the order  
and ty p e s  o f  s t a t e s  on the  r a t e  o f  r a d i a t i o n l e s s  and r a d i a t i v e  
p r o c e s s e s  are shown in  F igure  28 which i s  adapted from Reference  16.
In case  I ,  the  l o w e s t  e x c i t e d  s i n g l e t  s t a t e  i s  n , tt* . The 
r a t e  o f  f l u o r e s c e n c e  i s  s low and s i m i l a r  t o  the  r a t e  o f  i n t e r s y s t e m  
c r o s s i n g .  Both f l u o r e s c e n c e  and phosphorescence  can occur in  t h i s  
c a s e .  In case  I I ,  the lo w e s t  e x c i t e d  s i n g l e t  i s  s t i l l  n , tt* ,  however,  
th e r e  i s  a lower t r i p l e t  tt, tt*  between the s i n g l e t  and the lo w es t  
t r i p l e t  tt, tt*  s t a t e .  In t h i s  case  the i n t e r s y s t e m  c r o s s i n g  p r o c e s s  i s  
v e r y  e f f i c i e n t ,  and th e r e  i s  no f l u o r e s c e n c e .  D i s c u s s i n g  c a s e s  I and 
I I ,  the au thors  p o in t  out t h a t  the o n ly  f l u o r e s c e n t  m o lec u le s  hav ing  
an n,rr* s t a t e  as  the l o w e s t  e x c i t e d  s i n g l e t  a l s o  have the  o r d e r in g  o f
t r i p l e t  s t a t e s  shown in  case  I .
For c a s e s  I I I  and IV in  which th e  lo w e s t  s i n g l e t  i s  a tt, tt*
s t a t e ,  th e r e  i s  a more rapid  f l u o r e s c e n c e .  The g r e a t e r  r a t i o  of
phosphorescence  to f l u o r e s c e n c e  in  q u i n o l i n e  compared to  i t s
hydrocarbon an a log ,  n ap hth a lene ,  i s  due to the  p res en ce  o f  an (n ,n * )
1 3t r i p l e t  between the l o w e s t  ( tt, tt* )  a n d  ( tt,  tt* )  l e v e l s  in  q u i n o l i n e .
The p res en ce  o f  t h i s  t r i p l e t  l e a d s  to an enhanced i n t e r s y s t e m  c r o s s i n g  
p r o c e s s  in q u i n o l in e  and a g r e a t e r  phosphorescence  y i e l d .
F u r t h e r  d i s c u s s i o n  w i l l  b e  b a s e d  o n  s e v e r a l  o f  t h e  f a c t s  
p r e s e n t e d  i n  t h e  f i g u r e ,  n a m e l y :  1 )  S fi ^  f l u o r e s c e n c e  i s  . s l o w
c o m p a r e d  t o  S  ’ S  f l u o r e s c e n c e ;  2 )  t h e  r a t e  o j  i u L c r s y s L e m
TT, TT* O
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F igure  2 8 . *  S e l e c t i o n  r u l e s :  E f f e c t  o f  order  and type o f  s t a t e s  on the
r a t e  o f  r a d i a t i o n l e s s  and e m is s io n  p r o c e s s e s  in  N -h e te r o c y -
c l i c  m o le c u l e s .  -----------* R a d ia t iv e
R a d i a t i o n l e s s  
Time g iv e n  in seconds
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c r o s s i n g  fo r  S -* T or S "* T . i s  r a p id ;  3) the r a t e  o f
°  n .T T *  TT, TT* TT, TT* n ,  TT* r  > /
Sn , tt* -» S n* or s ",
-* S i s  rap id ;  and 4) Phosphorescence  from n* n, tt* r ' r
Tn, tt* * So i s o f the order  o f  0 .01  s e c  whereas  p hosphorescence  from
Ttt,^* -  So i s on the order  o f  s econ d s .
D. Proposed New T h eory : 3H-indole
C o n s i d e r a t io n  o f  the ex p er im en ta l  data in  terms o f  t h e s e
s e l e c t i o n  r u l e s  l e a d s  to  the proposa l  o f  a new th eory  to  e x p l a i n  the
beh a v io r  o f  i n d o l e s .  This  th eory  i n v o l v e s  the form at ion  o f
e i t h e r  2H- or 3H - indo le  in  the e x c i t e d  s t a t e .  The th eory  was f i r s t
p res en ted  by Chopin and Wharton^ in  terms o f  2 H - in d o le .  The
s t r u c t u r e s  o f  2H- and 3H-indole  are shown below. The l a t e r  m o d i f i -
18c a t i o n  p r e s e n te d  in  terms o f  3H-indole  was made for  the f o l l o w i n g  
re a s o n s  th a t  are summarized from Chapter I and r e f e r e n c e d  t h e r e i n :
1) a l th ough  the charge d e n s i t y  on both  the  2 and 3 p o s i t i o n s  i n c r e a s e s  
in the f i r s t  e x c i t e d  s t a t e ,  the i n c r e a s e  on the 3 p o s i t i o n  i s  g r e a t e s t ;
2) 3-methyl i n d o l e  in  a c id  media undergoes p r o t o n a t io n  in  the 3 p o s i t i o n ;  
4) p e r t u r b a t io n  ( s u b s t i t u t i o n  or hydrogen bonding) i n  the d i r e c t i o n  o f  
the t r a n s i t i o n  i s  exp ected  to  have the g r e a t e s t  e f f e c t  on t h i s
cl
t r a n s i t i o n  and 3) the  o b s e r v a t i o n  of  the 3H-form in  the  ground s t a t e  
o f  2 - e t h o x y i n d o l e . The scheme and the s t a t e - o r d e r  model p r e s e n te d  at  
th at  t ime i s  d i s c u s s e d  below. T h e o r e t i c a l  c a l c u l a t i o n s  l a t e r  s u g g e s te d  
a s l i g h t l y  d i f f e r e n t  s t a t e - o r d e r  model which w i l l  be d i s c u s s e d  when 
I huso r e s u l t s  a t e  mentioned.
2H-INDOLE 3H-INDOLE
An i n t e r p r e t a t i o n  o f  the e x p er im en ta l  r e s u l t s  p res en ted
h e r e i n  i s  o u t l i n e d  in  F igure  29: The a b s o r p t i o n  spectrum o f  in d o le
i n v o l v e s  o n ly  the  in d o l e  s p e c i e s ;  however the e m is s io n  spectrum i s
b e l i e v e d  to i n v o l v e  i n d o l e  and 3H - ind o le  as  w e l l  as  complexed
( s o l v a t e d )  3H - ind o le .
The proposed scheme depends upon the near d egen eracy  o f  the
lo w es t  S  . s t a t e  o f  i n d o l e  and the lo w e s t  S„ . s t a t e  and the T ,
tttt*  rrn *  n  tt*
s t a t e  o f  3H - in d o le .  I t  i s  a l s o  n e c e s s a r y  th a t  d i f f e r e n t  s o l v e n t s
s t a b i l i z e  t h e s e  th r e e  s t a t e s  to  d i f f e r e n t  e x t e n t s .  The f i r s t
assumption  may be r e a s o n a b le  b cause  o f  the small  change in v o lv e d  in  t
the  m olecu lar  geometry .  The second assumption  i s  c o n s i s t e n t  w i th  the
ex p ec te d  change in  s t a b i l i t y  o f  the s h o r t - a x i s  t r a n s i t i o n  t h a t  was 
2
s t a t e d  by Konev and w i th  the f a c t  th a t  in d o l e  has no non-bonding  
e l e c t r o n s ,  the i H - t r i p l e t  s t a t e  has one,  and the 3 H - s i n g l e t  s t a t e  has  
two. Furthermore,  an e x t e n s i o n  o f  t h i s  same r eason in g  p r e d i c t s  that
100
F igure  29 Proposed energy  l e v e l  diagram f o r  the e l e c t r o n i c  energy  
s t a t e s  o f  i n d o l e ,  3H-indole  and complexed 3 H - in d o le .
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t h e  e x c i t e d  s t a t e s  o f  3 H - i n d o l e  s h o u l d  b e  m o r e  h i g h l y  s t a b i l i z e d  b y  
s o l v e n t  i n t e r a c t i o n s  t h a n  a r e  t h o s e  o f  i n d o l e .  T h i s  g r e a t e r  
s t a b i l i t y  o f  t h e  l o w e s t  e x c i t e d  s i n g l e t  s t a t e  o f  3 H - i n d o l e  s h o u l d  b e  
e s p e c i a l l y  t r u e  w h e n  t h e  s o l v e n t  i s  p o l a r - p r o t i c  a n d  t h u s  c a n  c o m p l e x  
3 1 1 - i n d o l e  v i a  h y d r o g e n  b o n d i n g .  F r o m  t h e s e  c o n s i d e r a t i o n s ,  t h e  
d e g r e e  o f  s o l v e n t  s t a b i l i z a t i o n  s h o u l d  f o l l o w  t h e  o r d e r :  S _____ i n d o l eT7TT*
T  . 3 H - i n d o l e  ' S  . 3 H - i n d o l e .  I n  o r d e r  t o  a g r e e  w i t h  e x p e r i m e n t a l
n r r *  r m *  0  r
r e s u l t s  t h e  o r d e r  o f  e n e r g i e s  s h o u l d  b e  S    i n d o l e  >  S  , 3 H - i n d o l e
°  TTTT* TTTT*
T . 3 H - i n d o l e  i n  n o n - p o l a r  s o l v e n t s  a n d  S  , i n d o l e  >  T  , 3 H - i n d o l e  
n  tt*  r  tttt*  n  tt*
' ^ rrTT,'. 3 H - i n d o l e  i n  h i g h l y  p o l a r  a n d  e s p e c i a l l y  p o l a r  p r o t i c  s o l v e n t s .
T h i s  o r d e r  i s  s h o w n  i n  F i g u r e  2 9 .
T h e  n o r m a l  f l u o r e s c e n c e  a n d  p h o s p h o r e s c e n c e  o f  i n d o l e  c a n
b e  i n t e r p r e t e d  i n  t e r m s  o f  a r r o w s  1 ,  2 ,  a n d  3 .  I n  v e r y  d r y  1 P / 3 M P  t h e
f l u o r e s c e n c e  i s  q u e n c h e d  a n d  a n  i n t e n s e  p h o s p h o r e s c e n c e  i s  o b s e r v e d .
T h i s  q u e n c h i n g  a n d  p h o s p h o r e s c e n c e  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f
a r r o w s  2  a n d  3 ;  4 ,  5 ,  6 ,  7 ,  a n d  3 ;  o r  4 ,  5 ,  6 ,  8  a n d  9 .  T h e s e
m e c h a n i s m s  r e q u i r e  t h a t  t h e  l o w e s t  S  _  s t a t e  o f  3 H - i n d o l e  b e  l o w e r   ̂ nrr*
i n  e n e r g y  t h a n  t h e  l o w e s t  S s t a t e  o f  i n d o l e  a n d  h i g h e r  i n  e n e r g y
t h a n  t h e  T s t a t e  o f  3 H - i n d o l e .  T h i s  o r d e r  m a y  w e l l  b e  t h e  c a s e  i n  n r i v  J
s o m e  s o l v e n t s .  I t  i s  a l s o  r e q u i r e d  t h a t  t h e  S „ _ .  T  . i n t e r s y s t e m
M TTTT* n I T *  J
c r o s s i n g  b e  c o n s i d e r a b l y  f a s t e r  t h a n  t h e  -  G . S .  e m i s s i o n  o f
3 H - i n d o l e  i n  t h i s  s o l v e n t .  S i n c e  t h e  s e l e c t i o n  r u l e s  d i s c u s s e d
-9
p r e d i c t  t h e  c r o s s i n g  p e r i o d  t o  b e  1 0  s e c ,  i t  m a y  b e  p o s s i b l e  t h a t
t h i s  f l u o r e s c e n c e  q u e n c h i n g  m o d e  p r e d o m i n a t e s .  ( I t  s h a l l  b e  s h o w n
l a t e r  that  L heore t  i c a 1 c a l c u l a t i o n s  p r e d ic t  the lowest  s i n g l e t  in
I H - i n d o l e  t o  b e  a  S  . s t a t e  f r o m  w h i c h  n o  f l u o r e s c e n c e  i s  e x p e c t e d . )mr<.- '
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B e c a u s e  t h e  p r e s e n c e  o f  3 H - i n d o l e  i s  a s s u m e d  a n d  b e c a u s e  t h i s  
s p e c i e s  n o t  d i r e c t l y  i n d i c a t e d  b y  a n  e m i s s i o n  p r o c e s s  i n  h y d r o c a r b o n  
s o l v e n t s ,  3 H - i n d o l e  i s  a s s u m e d  n o t  t o  e m i t .  T h i s  l a c k  o f  e m i s s i o n  
f o r  t h e  3 H - f o r m  i s  c o n s i s t e n t  w i t h  t h e  k n o w l e d g e  t h a t  t h e  p r o t o n a t e d  
a n d  n o n p r o t o n a t e d  ( i n  t e r m s  o f  t h e  n i t r o g e n  p r o t o n )  f o r m s  o f  " i n d o l e "  
a r e  f o u n d  n o t  t o  f l u o r e s c e .  T h e  v a s t  c h a n g e  o f  t h e  f l u o r e s c e n c e  
i n t e n s i t y  o f  i n d o l e  i n  d i f f e r e n t  s o l v e n t s  c a n  b e  i n t e r p r e t e d  t o  b e  
t h e  r e s u l t  o f  t h e r m a l  i s o m e r i z a t i o n  o f  e x c i t e d - s t a t e  i n d o l e  t o  
3 H - i n d o l e .  I n  t h e  g e n e r a l  c a s e  t h e  f l u o r e s c e n c e  y i e l d  w o u l d  d e p e n d  
o n  t h e  r e l a t i v e  p r o p o r t i o n s  o f  i n d o l e  a n d  3 H - i n d o l e ,  a n d  t h e  
p r o p o r t i o n s  w o u l d  v a r y  f r o m  s o l v e n t  t o  s o l v e n t .
I n  m i x e d  s o l v e n t  s y s t e m s  s u c h  a s  a l c o h o l s  i n  h y d r o c a r b o n s ,  
t h e  c h e m i s t r y  b e c o m e s  c o n s i d e r a b l y  m o r e  c o m p l e x .  I n  a d d i t i o n  t o  t h e  
i n d o l e  i s o m e r i z a t i o n  t o  3 H - i n d o l e ,  o n e  m u s t  a l s o  c o n s i d e r  t h e  a t t a c k  
o f  t h e  m i n o r  s o l v e n t  c o n s t i t u e n t  o n  i n d o l e  o r  3 H - i n d o l e  t o  f o r m  
c o m p l e x e d  3 H - i n d o l e .  T h e  r e l a t i v e  p r o p o r t i o n s  o f  e a c h  s p e c i e s  u n d e r  
p h o t o s t u t i o n a r y  c o n d i t i o n s  w o u l d  d e p e n d  o n  a  n u m b e r  o f  r a t e  c o n s t a n t s  
w h i c h  w o u l d  i n  t u r n  d e p e n d  o n  b u l k  s o l v e n t  p r o p e r t i e s  a s  w e l l  a s  t h e  
s t a b i l i t y  o f  t h e  c o m p l e x .  I n  t h e  d i s c u s s i o n  o f  c o m p l e x e d  3 H - i n d o l e  
i t  i s  a g a i n  a s s u m e d  t h a t  t h e  u n c o m p l e x e d  s p e c i e s  d o e s  n o t  e m i t  a n d  
h e n c e  o n l y  i n f l u e n c e s  r e l a t i v e  y i e l d s .  I t  i s  a l s o  a s s u m e d  t h a t  t h e
l o w e s t  S , s t a t e  o f  3 H - i n d o l e  i s  s t a b i l i z e d  r e l a t i v e  t o  t h e  l o w e s trn ">v
s i n g l e t  s t a t e s  o f  i n d o l e  and the uncomplexed 3H - ind o le .  In a d d i t i o n ,  
i f  the assumption i s  made th a t  the lo w e s t  S s t a t e  o f  complexed 
i i t - im lo lo  i s  s u i l i c i e n t l y  s t a b i l i z e d  so th at  i t  i s  lower in energy
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t h a n  t h e  s t a t e  o f  t h e  c o m p l e x e d  s p e c i e s ,  t h e n  t h i s  i s  a n  e x a m p l e
o f  c a s e  I V  o f  F i g u r e  2 8  i n  w h i c h  t h e  f l u o r e s c e n c e  e m i s s i o n  c a n  
c o m p e t e  w i t h  t h e  i n t e r s y s t e m  c r o s s i n g  p r o c e s s .
C o n s i d e r i n g  t h i s  m o d e l  i n  t e r m s  o f  s o m e  o f  t h e  d a t a  
p r e s e n t e d ,  t h e  f l u o r e s c e n c e  f r o m  c o m p l e x e d  3 H - i n d o l e  i s  b e l i e v e d  t o  b e  
t h e  b r o a d  s t r u c t u r e l e s s  e m i s s i o n  o b s e r v e d  a t  l o w e r  e n e r g i e s  r e l a t i v e  t o  
t h e  i n d o l e  f l u o r e s c e n c e .  T h i s  s c h e m e  w o u l d  b e  c o n s i s t e n t  w i t h  t h e  1 : 1  
c o m p l e x  o b s e r v e d  b y  L o n g w o r t h ,  b u t  w o u l d  n o t  b e  c o n s i s t e n t  w i t h  t h e  
2 : 1  e x c i p l e x  r e p o r t e d  b y  W a l k e r ,  j e t  a _ l .  T h e  f l u o r e s c e n c e  q u e n c h i n g  
a n d  a s s o c i a t e d  a c t i v a t i o n  e n e r g y  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  
a r r o w  1 2  a s  w e l l  a s  c h a n g e s  i n  r a t e  c o n s t a n t s  a m o n g  t h e  t h r e e  s p e c i e s .  
T h e  m o d e l  i s  c o n s i s t e n t  w i t h  t h e  l a r g e  K f o r  i n d o l e  c o m p l e x a t i o n  
c o m p a r e d  w i t h  t h a t  o f  1 - m e t h y l i n d o l e .
T h e r e  a r e  o t h e r  e x a m p l e s  s u c h  a s  t h e  i s o t o p e  e f f e c t  i n  w h i c h  
t h e  a n o m a l o u s  e f f e c t s  a r e  n o t e d  i n  t h e  c a s e  o f  1 - m e t h y l i n d o l e  b u t  t o  a  
l e s s e r  d e g r e e  t h a n  i n  t h e  c a s e  o f  i n d o l e .  I n  k e e p i n g  w i t h  t h e  m o d e l  
p r o p o s e d  h e r e ,  t h i s  b e h a v i o r  c a n  b e  e x p l a i n e d  i n  t w o  w a y s :  E i t h e r  a
m e t h y l  g r o u p  m i g r a t i o n  t o  t h e  t h r e e  p o s i t i o n  c a n  o c c u r  o r  t h e  
1 - m e t h y l i n d o l e  c a n  b e  p r o t o n a t e d  b y  t r a n s f e r  o f  a  p r o t o n  f r o m  t h e  
s o l v e n t .  I n  e i t h e r  c a s e ,  r a t e  c o n s t a n t s  a n a l o g o u s  t o  k ^ ,  k ^ ,  a n d  k ^  
i n  F i g u r e  2 8  w o u l d  b e  e x p e c t e d  t o  d e c r e a s e .  T h e  r e s u l t  w o u l d  b e  
o b s e r v e d  a s  a  d e c r e a s e d  s e n s i t i v i t y  t o  s o l v e n t  p e r t u r b a t i o n s .  T h e  
m o d e l  w i l l  n o t  e x p l a i n  t h e  r e p o r t e d  1 : 1  s o l v e n t  c o m p l e x  w i t h
1 - m e t h y l i n d o l e  u n l e s s  c o m p l c x a L i o n  a t  t h e  t h r e e  p o s i t i o n  i s  p o s t u l a t e d  
i n s t e a d  o f  a c t u a l  p r o t o n a L i o n  o r  m e t h y l  m i g r a t i o n .
104
E .  E x p e r i m e n t a l  A t t e m p t s  t o  C o n f i r m  3 H - I n d o l e .
I n  t h e  o r i g i n a l  p a p e r  b y  C h o p i n  a n d  W h a r t o n ^  w r i t t e n  i n  
t e r m s  o f  2 H - i n d o l e  w e  p r o p o s e d  t h a t  i f  m e t h y l  m i g r a t i o n  o c c u r s ,  t h e n
2 - m e t h y l i n d o l e  c a n  b e  p h o t o c h e m i c a l l y  p r e p a r e d  f r o m  1 - m e t h y l i n d o l e .
A s a m p l e  o f  1 M I  w a s  p r e p a r e d  a n d  t r e a t e d  i n  a  p r e p a r a t i v e  p h o t o c h e m i c a l  
r e a c t o r  i n  t h e  m a n n e r  d e s c r i b e d  i n  C h a p t e r  I I ,  S e c .  C . 6 .  V a r i o u s  
s a m p l e s  w e r e  r e a c t e d  f r o m  1 t o  9 0  h o u r s .  A f t e r  t h e  r e a c t i o n  t h e  
a l c o h o l i c  s o l v e n t  w a s  c o m p l e t e l y  r e m o v e d  f r o m  t h e  s a m p l e  b y  v a c u u m  
d i s t i l l a t i o n .  T h e  s a m p l e  w a s  d i l u t e d  w i t h  c a r b o n  t e t r a c h l o r i d e ,  a n d  
i t s  s p e c t r u m  w a s  m e a s u r e d  b y  m e a n s  o f  t h e  V a r i a n  A 6 0 A  n m r  i n s t r u m e n t .
N o  e v i d e n c e  f o r  t h e  p r e s e n c e  o f  2 - m e t h y l i n d o l e  w a s  o b s e r v e d .  A f t e r  
o u r  t h e o r y  w a s  m o d i f i e d  i n  t e r m s  o f  3 H - i n d o l e  t h e s e  s p e c t r a  w e r e  
r e e x a m i n e d .  A l t h o u g h  t h e  p r e s e n c e  o f  3 - m e t h y l  i n d o l e  w a s  i n d i c a t e d ,  i t  
w a s  a l s o  f o u n d  p r e s e n t  a s  a n  i m p u r i t y  i n  a n  u n t r e a t e d  s a m p l e  o f
1 - m e t h y l i n d o l e .  T h e  d i f f e r e n c e  i n  r e l a t i v e  a r e a s  o f  t h e s e  p e a k s  
b e f o r e  a n d  a f t e r  r a d i a t i o n  d i d  n o t  a p p e a r  t o  b e  s i g n i f i c a n t .
T h e  p o s s i b i l i t y  t h a t  t h e  g r o u n d - s t a t e  e n e r g i e s  o f  i n d o l e  a n d  
3 H - i n d o l e  c o u l d  b e  s i m i l a r  w a s  c o n s i d e r e d ,  a n d  s e v e r a l  e x p e r i m e n t s  
w e r e  p e r f o r m e d  i n  a t t e m p t s  t o  d i s c o v e r  t h i s  s p e c i e s  ( 3 H - i n d o l e )  i n  
t h e  g r o u n d  s t a t e .  O n e  o f  t h e s e  e x p e r i m e n t s  i n v o l v e d  t h e  u s e  o f  
l a s e r - r a m a n  t e c h n i q u e s  t o  c o m p a r e  t h e  s p e c t r a  o f  i n d o l e  a n d  f l u o r e n e .  
F l u o r e n e  h a s  a  — CH^ g r o u p  a s  p a r t  o f  a  f i v e  c a r b o n  r i n g  j o i n i n g  t w o  
b e n z e n e  r i n g s .  I t  w a s  f e l t  t h a t  i d e n t i f i c a t i o n  o f  t h e  CH^ v i b r a t i o n s  
i n  t h e  s p e c t r a  o f  f l u o r e n e  i n  v a r i o u s  s o l v e n t s  c o u l d  b e  c o m p a r e d  w i t h  
s p e c t r a  o f  i n d o l e  i n  t h e  s u m e  s o l v e n t s .  I f  u n a s s i g n e d  v i b r a t i o n s  i n
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t h e  i n d o l e  s p e c t r a  w e r e  l o c a t e d  a t  f r e q u e n c i e s  s i m i l a r  t o  t h e  k n o w n
CH2 v i b r a t i o n s  i n  t h e  f l u o r e n e  s p e c t r a ,  t h i s  w o u l d  b e  a  p o s i t i v e
i d e n t i f i c a t i o n  o f  g r o u n d - s t a t e  3 H -  o r  2 H  - i n d o l e .  S a m p l e s  o f  e a c h
c o m p o u n d  w e r e  p r e p a r e d  a s  s o l i d s  a n d  a s  s o l u t i o n s  i n  C C 1 .  a n d4
m e t h a n o l  i n  c a p i l l a r y  t u b e s .  T h e  s a m p l e s  w e r e  e x c i t e d  w i t h  t h e  
5 1 4 5  %  1 i n e  o f  a n  a r g o n  l a s e r .  T h e  f l u o r e n e  s a m p l e s  a l l  e x h i b i t e d  
a  s t r o n g  f l u o r e s c e n c e  ( p r e s u m a b l y  d u e  t o  a  t w o  p h o t o n  e x c i t a t i o n  
p r o c e s s ) ,  a n d  u s e f u l  s p e c t r a  w e r e  i m p o s s i b l e  t o  o b t a i n .  T h e  l i q u i d  
s a m p l e s  o f  i n d o l e  d e c o m p o s e d  i m m e d i a t e l y  i n  t h e  l a s e r  b e a m ;  t h i s  
d e c o m p o s i t i o n  w a s  i n d i c a t e d  b y  t h e  p r e s e n c e  o f  a  w e l l  d e f i n e d  d a r k  
r e g i o n  a p p r o x i m a t e l y  3  mm i n  h e i g h t  a n d  t h e  p r e s e n c e  o f  p e r f e c t l y  
c l e a r  s o l u t i o n  a b o v e  a n d  b e l o w  t h i s  b a n d .  I n  t h e  s o l i d  i n d o l e  
s a m p l e ,  a n  i n i t i a l  p r o b l e m  o f  f l u o r e s c e n c e  w a s  o v e r c o m e  a n d  a n  
e x c e l l e n t  s p e c t r u m  w a s  o b t a i n e d .  T h i s  s p e c t r u m  i s  i n c l u d e d  i n  t h e  
a p p e n d i x  f o r  r e f e r e n c e  p u r p o s e s .  I t  m a y  b e  p o s s i b l e  t o  r e p e a t  t h i s  
e x p e r i m e n t  u n d e r  d i f f e r e n t  c o n d i t i o n s  w i t h  d i l u t e  d e o x y g e n a t e d  i n d o l e  
s o l u t i o n s  a n d  w i t h  a  d i f f e r e n t  c o m p o u n d  o t h e r  t h a n  f l u o r e n e  f o r  
c o m p a r i s o n .
A d i f f e r e n t  e x p e r i m e n t  b a s e d  o n  n m r  w a s  p e r f o r m e d  f o r  a  
s i m i l a r  p u r p o s e .  I t  w a s  a g a i n  r e a s o n e d  t h a t  i n  s o m e  s o l v e n t s  t h e  
g r o u n d - s t a t e  e n e r g y  o f  3 H -  o r  2 H - i n d o l e  m i g h t  b e  s t a b i l i z e d  e n o u g h  s o  
t h a t  t h i s  s p e c i e s  c o u l d  e x i s t  a t  r o o m  t e m p e r a t u r e  i n  t h e  g r o u n d  s t a t e .  
A l L h o u g h  n m r  i s  n o t  c o n s i d e r e d  t o  b e  a  s e n s i t i v e  d e t e c t i o n  m e t h o d ,  
t  h e  p o s s i b i l i t y  e x i s t e d  t h a t  a  s u f f i c i e n t  p o p u l a t i o n  o f  t l i i  s  s p e c i e s
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c o u l d  b e  s e e n  d i r e c t l y  a s  a  p r o t o n  s i g n a l  i n  t h e  r e g i o n  e x p e c t e d  f o r
a  — CH g r o u p .  L a t e r  t h e s e  s p e c t r a  w e r e  e x a m i n e d  f o r  i n d i r e c t  e v i d e n c e  
2
w h i c h  s h o u l d  b e  s e e n  a s  a  s p l i t t i n g  o f  t h e  m e t h y l  p r o t o n  s i g n a l  d u e  
t o  t h e  3 - p r o t o n  i n  3 - m e t h y l - 3 H - i n d o l e . T h e  r e s u l t s  a r e  s u m m a r i z e d  
i n  T a b l e  4 .  C h e m i c a l  s h i f t s  a r e  e x p r e s s e d  i n  p a r t s  p e r  m i l l i o n  o n  t h e  
" S "  s c a l e  w i t h  t h e  i n t e r n a l  s t a n d a r d ,  t e t r a m e t h y l s i l a n e , t a k e n  a s  
0 . 0 0 .
S o m e  o b s e r v a t i o n s  b a s e d  o n  t h e s e  m e a s u r e m e n t s  a r e  t h a t  t h e
r e s o n a n c e  o f  t h e  p r o t o n  a t t a c h e d  t o  t h e  n i t r o g e n  i s  s o  b r o a d  t h a t  t h e
a b s o r p t i o n  i n  n o n - p o l a r  s o l v e n t s  i s  d i f f i c u l t  t o  l o c a t e  t h e  a b s o r p t i o n
i n  n o n p o l a r  s o l v e n t s .  T h e  r a n g e  o f  c h e m i c a l  s h i f t s  i n  C C l ^  l i s t e d  f o r
t h i s  p r o t o n  w a s  e s t i m a t e d  f r o m  t h e  d i f f e r e n c e  i n  t h e  s p e c t r a  b e f o r e
a n d  a f t e r  i n d o l e  i n  C C l ^  w a s  h e a t e d  w i t h  D ^ O  a n d  a g r e e s  w i t h  a  r a n g e
o f  c h e m i c a l  s h i f t s  f o r  t h i s  p r o t o n  f o u n d  i n  S a d t l e r s  S t a n d a r d  NMR
S p e c t r a  o f  i n d o l e  a n d  t h e  m e t h y l  i n d o l e s . I t  i s  a l s o  n o t e d  t h a t  t h e
c h e m i c a l  s h i f t  o f  t h i s  p r o t o n  i s  e x t r e m e l y  s e n s i t i v e  t o  s o l v e n t
p e r t u r b a t i o n s  b e c a u s e  i t  c h a n g e s  f r o m  6 7 . 1  i n  C C l ^  t o  6 1 1 . 1  i n
D M S O - d , .  T h e  2 - p r o t o n  s h i f t  i s  m o r e  s e n s i t i v e  t h a n  i s  t h e  3 - p r o t o n  “ 6
s h i f t  u n d e r  s i m i l a r  c o n d i t i o n s .
T h e  m e t h y l - p r o t o n  s i g n a l  o f  3 M I  i s  a  d o u b l e t .  W h e n  a  d o u b l e  
r e s o n a n c e  t e c h n i q u e  i s  u s e d  t o  i r r a d i a t e  t h e  s p e c t r u m  a t  t h e  f r e q u e n c y  
o f  t h e  2 - p r o t o n  s i g n a l  ( 5  7 - 1 ) ,  t h e  m e t h y l  p r o t o n  s i g n a l  b e c o m e s  a  
s i n g l e t .  W h e n  t h e  r e v e r s e  d e c o u p l i n g  i s  p e r f o r m e d ,  n o  c h a n g e  i s  
o b s e r v e d  i n  t h e  r e g i o n  o f  t h e  2 - p r o t o n  s i g n a l ;  h o w e v e r ,  t h i s  l a c k  o f  
o b s e r v a b l e  c h a n g e  i s  p r o b a b l y  d u e  t o  t h e  f a c t  t h a t  t h e  2 - p r o t o n  s i g n a l
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T a b l e  4 .
C h e m i c a l  S h i f t
C o m p o u n d ____________ S o l v e n t ________________________ ( p p m .  6 )_____
I n d o l e N - H
v r i—vi “V
2 - P r o t o n 3 - P r o t o n
CC1 ( 7 . 3 - 6 .  8 6 .  3
7 . 1 )
C D C 1 3 ------ 7 . 0 6 .  5
C C l 4 ( d r y ) -------- 6 . 7 6 . 4
c h c i 3 6 . 9 6 .  5
CD CN 
3
9 . 2 ( 7 . 1 ) 6 .  5
D M S O - d
o
1 1 . 1 7 . 2 6 . 3
3 - M e t h y l  i n d o l e N - H 2 - P r o t o n 3 - P r o t o n
cci.
4
-------- 6 .  6 2 . 2 5
C D C 1 3 6 . 9 2 .  3 2
C D 3 CN 8 . 8 ( 7 . 1 ) 2 . 3 0
A c e t o n e - d ,6 8 . 9 7 . 1 2 .  3 2
D M S O - d ,
o
1 0 . 6 5 7 . 2 2 . 2 9
2 - M e t h y l i n d o l e N - H 2 - M e t h y l 3 - P r o t o n
C C I .4 -------- 2 . 0 3 6 . 1 0
C D 3 CN 8 .  8 5 2 .  3 7 6 .  1 5
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i s  m a s k e d  b y  t h e  a r o m a t i c - p r o t o n  s i g n a l .  T h e  v a l u e  o f  t h e  c o u p l i n g
c o n s t a n t  o f  t h e  m e t h y l - p r o t o n  d o u b l e t  ( 1 . 5  H z )  a n d  t h e  i n d i c a t e d
c o u p l i n g  t o  t h e  2 - p r o t o n  a r e  c o n s i s t e n t  w i t h  a l l y l i c  c o u p l i n g .
I t  h a s  b e e n  r e p o r t e d  t h a t  t h e  m e t h y l - p r o t o n  l i n e  i s  a
d o u b l e t  a t  6 1 . 0  i n  t h e  c a s e  o f  3 M I  p r o t o n a t e d  a t  t h e  3 - p o s i t i o n  i n
1 8  M s u l f u r i c  a c i d  a n d  t h a t  t h e  a d d i t i o n a l  3 - p r o t o n  a p p e a r s  a s  a
w e a k  q u a r t e t  a t  5 3 . 7 5 .  N e i t h e r  o f  t h e s e  s i g n a l s  w a s  e v i d e n t  i n  t h e
20
n m r  m e a s u r e m e n t s  o f  3 M I .  I n  a d d i t i o n ,  C o h e n ,  e_t a _ l .  r e p o r t e d  t h a t
n o  e v i d e n c e  o f  3 1 1 - t a u t o m e r i s m  w a s  o b s e r v e d  f o r  t h e  g r o u n d  s t a t e  o f
3 - m e t h y l i n d o l e  o r  a n y  o t h e r  i n d o l e s  s t u d i e d .
C o n f i r m i n g  e x p e r i m e n t a l  e v i d e n c e  f o r  t h e  3 H - i n d o l e  m o d e l
w a s  s o u g h t  f r o m  a n o t h e r  s o u r c e .  T h e  c o m p o u n d ,  2 - e t h o x y i n d o l e  ( 2 E I )
h a s  b e e n  r e p o r t e d  t o  u n d e r g o  t a u t o m e r i s m  f r o m  t h e  i n d o l e  f o r m  t o  t h e
i n d o l e n i n e  ( 3 H )  f o r m  w h e n  i t  i s  s u b l i m e d  a t  8 0 ° C / 0 . 1  t o r r .  A s m a l l
s a m p l e  o f  t h i s  c o m p o u n d  w a s  o b t a i n e d ,  a n d  i t s  a b s o r p t i o n  a n d  e m i s s i o n
s p e c t r a  w e r e  m e a s u r e d .
T h e  a b s o r p t i o n  s p e c t r a  o f  2 E I  i n  s e v e r a l  s o l v e n t s  a r e
p r e s e n t e d  i n  F i g u r e  3 0 .  W i t h  t h e  e x c e p t i o n  o f  t h e  s p e c t r u m  m e a s u r e d
i n  I P  t  17c l - b u t a n o l ,  t h e  a b s o r p t i o n  p r o p e r t i e s  a r e  s i m i l a r  t o  t h o s e
o f  i n d o l e  a n d  t h e  m e t h y l i n d o l e s  t h a t  w e r e  d i s c u s s e d .  T h e  b r o a d e n i n g
o f  b a n d s  a n d  s l i g h t  r e d  s h i f t  n o t e d  i n  E P A  i s  a n a l o g o u s  t o  t h e
1 9
b e h a v i o r  o f  t h e  o t h e r  i n d o l e s .  H i n m a n  a n d  W h i p p l e  i n  t h e i r  w o r k  
w i t h  3 - p r o t o n a t c d  i n d o l e s  r e p o r t  t h a t  i n  n e u t r a l  s o l u t i o n  i n d o l e  a n d  
i t s  m o n o - ,  d i -  a n d  t r i a l k y l  d e r i v a t i v e s  e x h i b i t  a  s t r o n g  m a x i m u m  
n e a r  2 2 0  n m a n d  a  m a x i m u m  a t  l o w e r  i n t e n s i t y  a r o u n d  2 8 0  nm t h a t  i s
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F i g u r e  3 0 .  A b s o r p t i o n  ^ p e c t r a  o f  2 - e t h o x y i n d o l e  i n  E P A  ( ---------- ) ;  M CH / M CP


















ty E t h o x y i n d o l e
•  •
300  290  280  270 260  250  2 4 0  2 3 0  2 2 0
W a v e l e n g t h  n m
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u s u a l l y  f l a n k e d  b y  t w o  s h o u l d e r s .  W h e n  t h e s e  c o m p o u n d s  a r e  d i s s o l v e d  
i n  a c i d  a n d  c o m p l e t e l y  p r o t o n a t e d ,  t h e  p e a k  n e a r  2 2 0  n m  i s  r e p l a c e d  
b y  t w o  r e d  s h i f t e d  p e a k s  o f  l o w e r  i n t e n s i t y  n e a r  2 3 0  a n d  2 3 7  n m .
W h e n  c o n s i d e r e d  a l o n g  w i t h  t h e  e f f e c t  m e n t i o n e d  b e l o w ,  t h e  a p p e a r a n c e  
o f  t h e s e  n e w  p e a k s  m a y  b e  a  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  a b s o r p t i o n  
i n  t h e  I P / 3 M P  m i x t u r e .
O n e  o t h e r  a n o m a l o u s  a b s o r p t i o n  e f f e c t  w a s  n o t e d .  T h e  
s a m p l e  w a s  i n  t w o  s m a l l  s e a l e d  v i a l s  w h e n  i t  w a s  r e c e i v e d ;  e a c h  
c o n t a i n i n g  a  f e w  m i l l i g r a m s .  O n e  w a s  m a r k e d  " p u r e " ,  a n d  t h e  o t h e r  
w a s  m a r k e d  " l e s s  p u r e " .  T h e  s p e c t r a  s h o w n  i n  F i g u r e  3 0  w e r e  m a d e  
f r o m  s o l u t i o n s  o f  t h e  p u r e  s a m p l e .  O t h e r  s p e c t r a  o f  t h e  " l e s s  
p u r e "  s a m p l e  i n  E P A  a n d  3MP w e r e  v e r y  d i f f e r e n t .  T h e  l o w  e n e r g y  
m a x i m a  a t  2 9 3  a n d  2 9 5  n m  a n d  t h e  m a x i m u m  a t  2 6 5  n m  w e r e  s t i l l  p r e s e n t .  
H o w e v e r ,  I n s t e a d  o f  a  d e c r e a s e  i n  a b s o r b a n c e  f r o m  2 6 5  n m t o  a  
m i n i m u m  a t  2 4 0  n m ,  t h e  a b s o r p t i o n  i n t e n s i t y  c o n t i n u e d  t o  i n c r e a s e .
T h e  s p e c t r u m  o f  t h e  " l e s s  p u r e "  s h o w e d  s t r o n g  m a x i m a  a r o u n d  2 5 7  a n d  
2 4 7  nm l i k e  t h o s e  i n  t h e  b u t a n o l  s p e c t r u m  o f  t h e  " p u r e "  f r a c t i o n .
D u e  t o  t h e  s m a l l  a m o u n t  o f  s a m p l e  a v a i l a b l e  i t  i s  l i k e l y  t h a t  
i n h o m o g e n e o u s  s a m p l e s  w e r e  p r e p a r e d  a n d  t h a t  t h e  b u t a n o l  s o l u t i o n  
c o n t a i n e d  m o r e  " i m p u r i t y "  t h a n  t h e  s a m p l e s  p r e p a r e d  f o r  t h e  o t h e r
s p e c t r a .  B e c a u s e  t h e  s o l u t i o n  b e h a v i o r  o f  2 E I  h a s  n o t  b e e n  r e p o r t e d ,
L h e  p o s s i b i l i t y  c a n  o n l y  b e  s u g g e s t e d  t h a t  t h e  a b s o r p t i o n  b a n d s  a t  
2 ' ) ]  a n d  2 4 7  mn a r e  d u e  t o  t h e  3 1 1 - t a u t o m e r .
F i g u r e  11 s h o w s  t h e  r o o m  t e m p e r a t u r e  11 u o r e s c e n c e  s p e c t r u m
o f  2 E I  i n  3MP a n d  t h e  s p e c t r u m  o f  t h e  s a m e  s a m p l e  t o  w h i c h  17 .  b u t a n o l
I l l
Figure  31 F l u o r e s c e n c e  s p e c t r a  o f  the  same sample o f
2 - e t h o x y i n d o l e  in  3MP and in  3MP + 1% 1 -b u ta n o l .
C O R R E C T E D  I N T E N S I T Y
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was added. The i n t e n s i t i e s  shown are  not r e l a t i v e ;  the a m p l i f i e r  g a in  
s e t t i n g s  req u ired  to produce the s p e c tr a  i n d i c a t e  t h a t  th e r e  i s  a t  
l e a s t  a t w o - f o l d  i n c r e a s e  in  f l u o r e s c e n c e  y i e l d  in  changing the  
s o l u t i o n  from 3MP to 3MP + \% 1 - b u ta n o l .  The s l i g h t  sh oulder  on the
low energy  s i d e  o f  the f l u o r e s c e n c e  in  3MP appears  to  be the maximum
in  the a l c o h o l i c  m ix tu re .
F igure  32 shows the f l u o r e s c e n c e  o f  2EI in  EPA a t  RT and 
77°K. There i s  a broad f l u o r e s c e n c e  a t  30 ,000  cm  ̂ which r e v e r t s  to  
a more s t r u c t u r e d  e m is s io n  a t  h igh er  energy  a t  low temperature .  
Although not shown, a weak p h osp h orescen ce ,  s i m i l a r  in shape and 
w ave length  to  th a t  o f  i n d o l e ,  was noted .
In summary, the e m is s io n  c h a r a c t e r i s t i c s  o f  2EI are  
s i m i l a r  to th o se  o f  i n d o l e .  There i s  the c h a r a c t e r i s t i c  broadening  
and red s h i f t  o f  the f l u o r e s c e n c e  on go in g  from hydrocarbon to  
a l c o h o l i c  s o l v e n t .  In a l c o h o l i c  s o l v e n t  a t  77°K the e m i s s i o n  i s  l i k e  
the f l u o r e s c e n c e  o f  the compound in hydrocarbon.
Except fo r  the a b s o r p t i o n  anomaly,  th ere  i s  no d i r e c t
i n d i c a t i o n  fo r  the p resen ce  o f  the 3H form o f  2 - e t h o x y i n d o l e  in
s o l u t i o n .  However, th e r e  i s  d i r e c t  e v id e n c e  for  the g r o u n d - s t a t e
21i n d o l e — 3H-indole  tautomerism o f  t h i s  compound. A search  has been 
made of  S c ie n c e  C i t a t i o n  Index u s in g  R eference  [21 ]  as  a key .
There are many a r t i c l e s  which r e f e r e n c e  t h i s  work o f  Harley-Mason  
and Leeney but none was found in which t h e i r  f i n d i n g s  are d i s p u te d .  
Because o f  the reported  e x i s t e n c e  o f  the 3H-form o f  2 e th o x y -3 H - in d o le  
in the ground s t a t e ,  i t  i s  proposed t h a t  the e x c i t e d  s t a t e  p r o p e r t i e s
113
Figure  32. F lu o r e s c e n c e  s p e c tr a  o f  2 - e t h o x y i n d o l e  in  EPA a t  RT, 77°K.
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o f  t h i s  compound are  p a r t i a l l y  due to  the p r e s e n c e  o f  the 3H- form 
in  the e x c i t e d  s t a t e .  F u rth er ,  because  s i m i l a r  e x c i t e d - s t a t e  b ehav ior  
i s  observed f o r  t h i s  compound and fo r  i n d o l e ,  t h i s  ex p er im en ta l  
e v id e n c e  i s  o f f e r e d  in  support o f  the  3H-indole  model.
S tronger  exp er im enta l  support fo r  the 3H-indole  model e x i s t s
22in  the e s r  s t u d i e s  o f  P a i l t h o r p e  and N i c h o l l s .  They measured the  
e s r  s p e c t r a  o f  tryptophan and 3 - m e th y l in d o le  r a d i c a l s  prepared a t  
100°K in  e th a n o l  s o l u t i o n  by i r r a d i a t i o n  w i th  300 - 360 nm r a d i a t i o n .
A spectrum c h a r a c t e r i s t i c  o f  the e th a n o l  r a d i c a l :
H
I
H— C— C— OH
I I
H H
was ob ta in ed  w i th  e i t h e r  compound. Prolonged i r r a d i a t i o n  o f  pure 
e t h a n o l  w i th  an i n t e n s e  310 nm source  produced no e t h a n o l  r a d i c a l .
The au th ors  t h e r e f o r e  a t t r i b u t e  the e th a n o l  r a d i c a l  produced in  the  
tryptophan and 3MI s o l u t i o n s  to  p h o t o s e n s i t i z a t i o n  o f  the e th a n o l  
by the in d o l e  n u c le u s  o f  the two m o le c u l e s .
When 1 -m ethy l tryptophan  and 1 , 3 - d im e t h y l i n d o l e  were 
i r r a d i a t e d  under c o n d i t i o n s  i d e n t i c a l  to  th ose  above ,  no d e t e c t a b l e  
f r e e  r a d i c a l  s p e c t r a  were observed .  Because rep lacement  o f  the 
hydrogen a t ta c h e d  to the in d o le  n i t r o g e n  by a methyl group prevented  
Lhe form ation  o f  d e t e c t a b l e  r a d i c a l s ,  the a u th o rs  conc lude  th a t  a 
r a d i c a l  form at ion  in  tryptophan and 3-MI i s  due i n i t i a l l y  to the  
rupture  o f  the N— H bond of  the in d o le  n u c le u s .  The atomic  hydrogen  
formed then i n t e r a c t s  w ith  the surrounding s o l v e n t  m o le c u le s  to 
produce  the e th a n o l  r a d i c a l .
115
P a i l t h o r p e  and N i c h o l l s  found that  the  f r e e  r a d i c a l  formed 
in  the in d o l e  r in g  by N— H bond rupture  i s  a s i n g l e t  having a l i n e  
w id th  c h a r a c t e r i s t i c  o f  an unpaired e l e c t r o n  a s s o c i a t e d  w i th  a 
carbon atom. They did  not observe  the t r i p l e t  exp ec te d  from an 
unpaired  e l e c t r o n  on a n i t r o g e n  atom. This  b e h a v io r  i s  e x p la in e d  
in  terms o f  a bond rearrangement  o c c u r r in g  im m ediate ly  a f t e r  the  
f i s s i o n  o f  the N— H bond. The f r e e  r a d i c a l  formed would i n i t i a l l y  
have the  unpaired e l e c t r o n  a s s o c i a t e d  w i th  the in d o le  n i t r o g e n  as  
shown in  the f o l l o w i n g  s t r u c t u r e :
The proposed bond rearrangement would produce the  f o l l o w i n g  tryptophan  
f r e e  r a d i c a l :
From e s r  measurements on tryptophan,  3MI, 1 -m ethy l tryptophan  
and 1 , 3-dimethyl in d o le  in aqueous s o l u t i o n  the au th ors  observe  s p e c tr a
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i n d i c a t i n g  the p r e s e n c e  o f  p h o t o e j e c t e d  e l e c t r o n s .  The authors  
conclude  t h a t  p h o t o e j e c t i o n  o f  e l e c t r o n s  i s  independent  o f  the bond 
f i s s i o n  because  t h i s  r e a c t i o n  occu rs  even i f  th e r e  i s  a methyl group 
a t ta c h e d  to  the in d o l e  n i t r o g e n .
In summary the a u th ors  s t a t e  th a t  one o f  the primary  
photochemica l  r e a c t i o n s  t h a t  o ccu rs  when tryptophan i s  i r r a d i a t e d  
w ith  u l t r a v i o l e t  l i g h t  i s  the breakdown o f  the i n d o l e  N— H bond;  
th a t  t h i s  r e a c t i o n  occu rs  in  a d d i t i o n  t o  the p h o t o e j e c t i o n  of  
e l e c t r o n s ;  and th a t  im m ediate ly  f o l l o w i n g  N— H bond f i s s i o n ,  
rearrangement o f  the in d o l e  n u c le u s  o ccu rs  so t h a t  the f r e e  e l e c t r o n  
r e s i d e s  on carbon 3.
Based on the experiment  c i t e d  above ,  a recom binat ion  of  
atomic  hydrogen w i t h  the  f r e e  e l e c t r o n  on carbon 3 would r e s u l t  in  
the  form at ion  o f  3H-tryptophan which i s  s i m i l a r  to the proposed  
3 H - i n d o l e .
F. T h e o r e t i c a l  C a l c u l a t i o n s
In order  to  determ ine  i f  the 2H- or 3H-indole  model i s  
t h e o r e t i c a l l y  p o s s i b l e ,  a s e r i e s  o f  c a l c u l a t i o n s  was performed;  
the programs p r e v i o u s l y  d e s c r ib e d  were used .  To a c e r t a i n  degree  
the  c a l c u l a t i o n s  are based on an energy m in im iza t io n  w i th  r e s p e c t  
to m o lec u lar  geometry .  In t h i s  r e s p e c t  the output  o f  the programs 
depends on the c o r r e c t  input  o f  atomic  c o o r d i n a t e s  for  the m olecu le  
under c o n s i d e r a t i o n .
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The i n i t i a l  e s t i m a t e  o f  bond l e n g t h s  and bond a n g l e s  o f  
i n d o l e  was based on X-ray c r y s t a l l o g r a p h i c  data  fo r  m o le c u le s
c o n t a i n i n g  an i n d o l e  n u c le u s .  Bond l e n g t h s  and a n g l e s  fo r  L - tryptophan
23 24h y d r o c h lo r i d e ,  3 - i n d o l y l a c e t i c  a c i d ,  g l y c y l - L - t r y p t o p h a n
26
d ih y d r a t e ,  and the 1:1 complex o f  in d o l e  w i th  s ; - t r in i t r o b e n z e n e
were averaged ,  and t h e s e  av era g e s  were used to  c a l c u l a t e  the a tomic
c o o r d i n a t e s  used in  the i n i t i a l  data  in p u t .  The bond l e n g t h  a v e r a g e s
and the f i n a l  c a l c u l a t e d  bond l e n g t h s  used in  the case  o f  in d o l e  are
shown in  Table 5, where th ey  are compared w i t h  the c a l c u l a t e d  v a l u e s
27o b ta in ed  from two o th er  t rea tm en ts  by Dewar and G l e i c h e r .  A lso
shown fo r  r e f e r e n c e  are the f i n a l  bond l e n g t h s  c a l c u l a t e d  f o r  2H and
3H - in d o le ;  the bond a n g le s  used were the same in a l l  c a s e s  and are
shown in  Table  6.
The f i n a l  v a l u e s  were c a l c u l a t e d  by means o f  the f o l l o w i n g
i t e r a t i v e  p r o c e s s .  The i n i t i a l  bond l e n g t h s  and a n g l e s  o f  i n d o l e
were used to  c a l c u l a t e  a tom ic  c o o r d i n a t e s .  These data were used as
input  fo r  the CNDO/2 program used t o  c a l c u l a t e  the  m olecular
g r o u n d - s t a t e  energy  ( h e n c e f o r t h  r e f e r r e d  to  as the "Pople" program).
The d e n s i t y  m atr ix  g en era ted  by t h i s  program y i e l d s  bond orders
between carbon atoms.  I t  has been shown th a t  a l i n e a r  r e l a t i o n
2 8between bond order  and bond l e n g t h  should  e x i s t .  T h e r e fo r e ,  t h e s e  
bond orders  were p l o t t e d  a g a i n s t  bond l e n g t h s  by means o f  a m u l t i p l e  
r e g r e s s i o n  l e a s t  squares  a n a l y s i s  program. The e s t i m a t e s  fo r  new bond 
l e n g t h s  were obta ined  from the program and used to  c a l c u l a t e  a new 






C a lc u la te d PPPd SPOd
2H-INDOLE 
C a l c u l a t e d 0
3H-INDOLE
c
C a lc u la te d
1-2 1 .402 1 .403 1 .4 0 4 1 .3 8 8 1. 336 1. 335
2-3 1 .341 1 .350 1.351 1 .356 1.401 1.416
3-4 1 .457 1 .447 1 .456 1.451 1. 396 1 .4 2 0
4 -5 1 .405 1 .411 1 .409 1.419 1.401 1.393
5-6 1.397 1.377 1. 389 1 .379 1. 394 1 .390
6-7 1. 389 1 .407 1 .4 0 4 1 .4 1 5 1 .400 1. 392
7 -8 1. 397 1. 377 1 .390 1. 380 1. 395 1. 390
8-9 1 .4 0 5 1.411 1 .4 0 5 1 .4 1 8 1 .400 1. 393
9-1 1. 366 1 .360 1 .407 1 .390 1. 381 1 .4 1 5
9 -4 1 .392 1 .405 1 .400 1 .3 9 4 1.401 1 .415
j^See page 1 fo r  numbering system; a l l  v a l u e s  in  
Averages  from X-ray  d a ta .
C a lc u la te d  from bond order  i t e r a t i o n .
R eference  [2 7 ] .
Table 6.
Anglea Degrees
9 - 1 - 2 108 .2
1 -2 -3 109 .9
2 - 3 - 4 106 .7
3 -4 -9 106.7
4 - 9 - 1 108.  5
9 - 4 - 5 120 .7
4 - 5 - 6 1 16 .2
5 -6 -7 122. 8
6 - 7 - 8 121 .2
7 - 8-9 115.  8
8 - 9 - 4 123 .0
 ̂See "a", Table rj.
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There were two t e d i o u s  p r o c e s s e s  in v o lv e d  in  t h e s e  
c a l c u l a t i o n s .  One was the  c a l c u l a t i o n  o f  atomic  c o o r d i n a t e s  once  
a l l  o f  the bond a n g le  and bond l e n g th  data were o b ta in e d .  The o th er  
was the c a l c u l a t i o n  o f  the c a r b o n -n i t r o g e n  bond l e n g t h s  because  the  
l i n e a r  bond-order ,  bond l e n g t h  r e l a t i o n  does  not hold f o r  t h e s e  bonds.  
Because the bond a n g l e s  and a l l  o f  the  carbon-carbon bonds are f i x e d ,  
th e  c o o r d i n a t e s  o f  the n i t r o g e n  atom are unique.  However, to  o b ta in  
t h e s e  c o o r d i n a t e s ,  and thus the bond l e n g t h s ,  an i n t r i c a t e  s e r i e s  o f  
s t e p w i s e  t r ig o n o m e t r i c  c a l c u l a t i o n s  i s  r e q u ir e d .  With the a s s i s t a n c e  
o f  Dr. Holmes, th ere  was w r i t t e n  a program th a t  u s e s  the  BASIC 
programming c a p a b i l i t y  o f  the NOVA computer.  Requir ing  on ly  
carbon-carbon bond l e n g t h s  for  input  d a ta ,  the program p r in te d  out  
th e  c a r b o n -n i t r o g e n  bond l e n g t h s  as  w e l l  as  the c o o r d i n a t e s  o f  each  
atom in  the m o le c u l e s .  The use o f  t h i s  program reduced the  
com putat ional  t ime from s e v e r a l  hours to  a few m in u tes .
The bond l e n g t h s  were c o n s id e r e d  to  be c o r r e c t  when the  
c o r r e l a t i o n  c o e f f i c i e n t  for  bond le n gh t  v_s bond order  was 0 .9 9 9  ± 0 . 0 0 1 .  
This  g e n e r a l l y  took l e s s  than f i v e  c y c l e s  even when the model for  
3H-indole  was begun w ith  the c o o r d i n a t e s  fo r  i n d o l e .  I t  i s  i n t e r ­
e s t i n g  to note th at  the method was i n t e r n a l l y  c o n s i s t e n t  in  th at  each  
c o r r e c t i o n  of  bond l e n g t h s  produced a lower g r o u n d - s ta c e  m olecu lar  
energy  on the next  i t e r a t i o n .  I t  can a l s o  be noted  from the t a b l e  
thaL the program c o r r e c t l y  reve rsed  the p o s i t i o n  o f  the " e s s e n t i a l "  
double bond from the 2 -1  bond in in d o le  to  the 1-2  bond in 3H -indole .
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The s e n s i t i v i t y  o f  both  programs to  changes  in  bond l e n g t h s  
was examined. The Pople  program was checked by i n c r e a s i n g  the  bond 
l e n g t h s  sym m etr ica l ly  as  in  a b r e a th in g  v i b r a t i o n .  The change in  
ground s t a t e  energy was l i t t l e  d i f f e r e n t  from an e s t i m a t e  based on 
the  b r e a th in g  v i b r a t i o n  o f  benzene (a p p ro x im a te ly  1000 cm ^ ) . The 
Jaf fe ' -D e l  Bene ( " J a f f e " )  program was much more s e n s i t i v e  to  
c o o r d i n a te  input d a t a .  Before  the bond-order  method o f  e s t i m a t e s  
was used ,  a s e t  o f  c o o r d i n a t e s  based on i n t u i t i v e  e s t i m a t e s  was 
used .  When th e s e  gu essed  c o o r d i n a t e s  were used,  convergence  could  
not be a t t a i n e d  in the program su b r o u t in e  th a t  d i a g o n a l i z e s  the  
m atr ix .  A f ter  t h a t ,  the  normal procedure  was to  c a l c u l a t e  the  c o o r ­
d i n a t e s  by means o f  the Pople  program and then to use  the J a f f e  
program when the f i n a l  geometry had been determ ined .  This method 
was a l s o  requ ired  l e s s  computer t ime.  The a c t u a l  run time (CPU) 
fo r  the in d o le  or JH-indole  c a l c u l a t i o n  w i t h  the Pople  program was 
l e s s  than two m inutes  whereas the Jaffe* program r e q u i r e s  about 10 min. 
in the case  o f  in d o le  and 20 min. in the case  o f  the 3H - ind o le .
The b a s i c  q u e s t i o n  always  in v o lv e d  in a quantum mechanical  
c a l c u l a t i o n s  i s  the accu racy  and r e l i a b i l i t y  o f  the r e s u l t s .  P r io r  
to a d i s c u s s i o n  o f  the s t a t e - o r d e r  and energy  l e v e l s  p r e d i c t e d  by 
t h e s e  programs, some o f  the r e s u l t s  c a l c u l a t e d  fo r  in d o l e  w i l l  be 
compared w i th  ex p er im en ta l  v a l u e s .  The Pople  program, p aram eter ized  
to  y i e l d  a c c u r a te  g r o u n d - s t a t e  p r o p e r t i e s ,  p r e d i c t s  a d i p o l e  moment
o f  in d o le  o f  1 .97  D which i s  in good agreement w i th  measured v a l u e s  o f
29 302 . 0 3  D and 2 .0 8  D. The phoLuc lectron  s p e c tr a  ol i n d o l e ,
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1-methyl  i n d o l e , 2 -m e th y l in d o le  and 3-methyl in d o le  were measured and 
are  in c lu d e d  in  the Appendix.  The measured lo w e s t  i o n i z a t i o n  
p o t e n t i a l  o f  in d o l e  i s  8 eV whereas the c a l c u l a t i o n  p r e d i c t s  a v a lu e  
o f  9 eV.
The J a f f e  program p aram eter ized  in  terms o f  a c c u r a te
s p e c tr a  v a l u e s  p r e d i c t s  the th r e e  lo w e s t  energy  s i n g l e t  t r a n s i t i o n s
in i n d o l e  to  be 2 9 2 . 8 ,  2 5 2 . 3 ,  and 2 2 0 .4  nm. These are in e x c e l l e n t
agreement witl i  the v a l u e s  o f  287 and 220 nm f o r  the w e l l  d e f in e d
^L, and t r a n s i t i o n s  r e s p e c t i v e l y .  The t r a n s i t i o n  p r e d ic t e db b a
a t  2 5 2 .3  nm i s  in  the  c o r r e c t  s p e c t r a l  r e g i o n  o f  the most i n t e n s e  
^L. t r a n s i t i o n s  in in d o l e  but i s  somewhat t o  the  b lu e  o f  the 0 -0
cl
t r a n s i t i o n .  The p r e d ic t e d  p o l a r i z a t i o n s  are  c o r r e c t ,  and the
o s c i l l a t o r  s t r e n g t h s  p r e d ic t e d  fo r  t h e s e  th r e e  t r a n s i t i o n s  are
c o r r e c t  in  order  o f  magnitude w i th  r e s p e c t  t o  th o se  p r e d i c t e d  by 
31P l a t t  as  w e l l  as s i m i l a r  to th o se  a c t u a l l y  ob served .  Copies  o f  
t h e s e  c a l c u l a t e d  t r a n s i t i o n s  are in c lud ed  a t  T ab les  7-9  in the  
Append i x .
The s t a t e - o r d e r  and energy  l e v e l  diagram p r e d i c t e d  by the  
programs i s  shown in  F igure  33. The r e l a t i v e  e n e r g i e s  o f  in d o le  
and 3H-indole  are th o se  p r e d ic te d  by the  c a l c u l a t i o n s ;  th o se  o f  
complexed 3H-indole  are assumed in the f i t t i n g  o f  e x p er im en ta l  d a ta .  
I t  should now be ob v iou s  why the use o f  two programs was n e c e s s a r y  
in order  to r e l a t e  a l l  e x c i t e d  s t a t e  energy  l e v e l s  to  the energy  o f  
the in d o le  ground s t a t e .  For example,  the d i f l c r e n c e s  between ground 
and e x c i t e d  s t a t e  energy l e v e l s  of  2H - indo le  were s i m i l a r  to the
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F ig ur e  33.  S t a t e  order  and energy  l e v e l  diagram as p r e d i c t e d  by 






















Complexed 3H* IndoleINDOLE 3H- Indole
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s p a c in g s  in  3H - in d o le ;  the p r e d ic t e d  ground s t a t e ,  however,  was 
s e v e r a l  eV h igh er  than t h a t  o f  i n d o l e ,  thus  e l i m i n a t i n g  e x c i t e d  s t a t e  
c o n v e r s io n  to the 2H s p e c i e s .
One o f  the  most s i g n i f i c a n t  p r e d i c t i o n s  o f  t h e s e  c a l c u l a t i o n s
i s  that  the low es t  s i n g l e t  s t a t e  o f  3H-indole  (3HI) i s  an SnTTit s t a t e  
( t h e  lo w e s t  p r e d i c t e d  s i n g l e t  f o r  2HI i s  an S . C on s id e r in g  the  
diagram, the normal f l u o r e s c e n c e  and phosphorescence  o f  in d o l e  in  
hydrocarbon s o l v e n t  can be i n t e r p r e t e d  in terms o f  arrows 1, 2 and
3. The i n t e n s e  ph osphorescence  and the a s s o c i a t e d  f l u o r e s c e n c e  
quenching can be i n t e r p r e t e d  in  terms o f  arrows 2 and 3: or 4,  5, 6 
and 3; or 4 ,  5, 7,  8 and 9.  Note th a t  i f  form at ion  o f  3HI in  the
e x c i t e d  s t a t e  i s  e f f i c i e n t ,  the f a c t  t h a t  t h i s  s p e c i e s  has a lo w es t
s i n g l e t  rnT*- s t a t e  would e x p l a i n  the complete la c k  o f  f l u o r e s c e n c e  in  
dry hydrocarbon s o l v e n t ,  ( c f .  s e l e c t i o n  r u l e s ) .
The broad f l u o r e s c e n c e  in  a s s o c i a t i n g  s o l v e n t s  i s  e x p la in e d  
i f  one assumes t h a t  s o l v e n t  s t a b i l i z a t i o n  r e s u l t s  in  the r e v e r s a l  o f  
the  lo w es t  S , and S  , s t a t e s  in complexed 3HI. Em iss ion  from t h i s
n TT* TTT7*
s p e c i e s  would then  occur in  terms o f  arrows 10 and 11. The f l u o ­
r e s c e n c e  quenching and a s s o c i a t e d  a c t i v a t i o n  energy can be i n t e r p r e t e d  
in terms o f  arrow 12 as  w e l l  as  in terms o f  the r a te  c o n s t a n t s  between
the v a r i o u s  forms o f  i n d o l e ,  3HI and complexed 3HI.
One ex p e r im e n ta l  o b s e r v a t io n  for  which an i n t e r p r e t a t i o n  i s  
s t i l l  required  i s  the f a c t  th a t  even in  pure a l c o h o l i c  s o l v e n t  a t  low 
temperature (but not n e c e s s a r i l y  the s o l v e n t  g l a s s  p o i n t )  tlie
f l u o r e s c e n c e  r e v e r t s  to a s t r u c tu r e d  e m is s io n  at h igher  energy .  It
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may w e l l  be th a t  t h i s  s t r u c t u r e d  e m is s io n  i s  a l s o  the e m is s io n  of  
complexed 3HI and th a t  ( i n  the r a t i o n a l e  o f  Kone-^ and E i s i n g e r  and 
Navon) the  broadening and red s h i f t  are  due t o  d i f f e r e n t  numbers o f  
s o l v e n t  m o le c u l e s  t h a t  are a b le  to  r e o r i e n t  during  the e x c i t e d - s t a t e  
1 i f e t  ime.
In summary, the 3H-indole  model p r o v id e s  an adequate
i n t e r p r e t a t i o n  f o r  the  e x c i t e d - s t a t e  ch em is try  o f  i n d o l e .  The
p r e d ic t e d  red s h i f t  f o r  the 3H-form i s  3 ,7 0 0  cm \  in  the e x a c t  range
o f  the s h i f t  n o ted .  This  model acco u n ts  f o r  the  l o s s  in v i b r a t i o n a l
s t r u c t u r e  in  the f l u o r e s c e n c e  from in d o l e  in  p o la r  s o l v e n t s .  The
s i m i l a r i t y  o f  e f f e c t  (and the la c k  o f  a s i m i l a r i t y  in  the degree  of
t h i s  e f f e c t )  o f  a s s o c i a t i n g  and n o n a s s o c i a t i n g  p o la r  s o l v e n t s  could
be due to  t r a c e  amounts o f  water  or to  a g r e a t e r  s t a b i l i z a t i o n  o f  the
S niT* s t a t e  because  o f  d i p o l e - d i p o l e  i n t e r a c t i o n .  The change in
f l u o r e s c e n c e  p o l a r i z a t i o n  which has been observed  could be due to the
e m is s io n  from both  i n d o l e  and 3H-indole  becau se  the e m i s s i o n  from an
S . s t a t e  would be p e r p e n d i c u l a r l y  p o l a r i z e d .  
nTT*
I f  we assume th a t  the  data o f  Longworth are  c o r r e c t ,  we have  
p r e s e n te d  a model c o n s i s t e n t  w i th  measured s o l v e n t - i n d o l e  
s t o i c h i o m e t r y  a t  low a l c o h o l  c o n c e n t r a t i o n s .  The o b s e r v a b le  deuter ium  
i s o t o p e  e f f e c t s  are  c o n s i s t e n t  w i th  the 3H-indole  model s i n c e  i t  i s  
based on the e x c i t e d - s t a t e  proton t r a n s f e r  proposed in  t h e s e  t h e o r i e s .  
We have a l s o  p r e s e n te d  an example o f  a r e d - s h i f t e d  e m is s io n  based on 
in i n t r a m o l e c u l a r  proton t r a n s f e r .  The f a c t  th at  1-methyl in d o le  
e x h i b i t s  the same b ehav ior  as in d o le  but th a t  the magnitude o f  t h i s
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b eh a v io r  i s  g r e a t l y  reduced in  some c a s e s  ( c f .  K's  o f  Walker,  e £  a l . 
and the reduced deuter ium i s o t o p e  e f f e c t )  can be e x p la i n e d  e i t h e r  in  
terms o f  a proton  t r a n s f e r  from the  s o l v e n t  t o  the 3 p o s i t i o n  o f  
form at ion  o f  a s o l v e n t  hydrogen bond a t  t h i s  p o i n t .
And f i n a l l y ,  because  t h i s  model p r o v id e s  f o r  nn* type  
s t a t e s  and i s  dependent on r e l a t i v e  e x c i t e d - s t a t e  energy l e v e l s ,  
i t  o f f e r s  an i n t e r p r e t a t i o n  fo r  the v a s t  changes i n  r e l a t i v e  quantum 
y i e l d s ,  a c c o u n ts  f o r  th e  extreme s e n s i t i v i t y  o f  measurements to  t r a c e  
amounts o f  water,  and e x p l a i n s  the  complete  f l u o r e s c e n c e  quenching in  
dry hydrocarbon s o l v e n t s .
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In drawing c o n c l u s i o n s  based on the use o f  ex p er im en ta l  
d a t a ,  one e x p e c t s  to  encou n ter  the problem o f  r e s o l v i n g  d i f f e r e n t  
i n t e r p r e t a t i o n s  o f  the  same exp er im en ta l  r e s u l t s .  One o f  the b a s i c  
d i f f i c u l t i e s  in  t h i s  s tudy of  i n d o l e ,  however,  i s  th a t  in  s i m i l a r  
e xper im ents  th ere  i s  apparent  d isagreem ent  in  the r e s u l t s  t h e m s e lv e s .
For example,  Longworth found i s o e m i s s i v e  p o i n t s  and noted  
t h a t  one f l u o r e s c e n c e  in c r e a s e d  w h i l e  another  d e c r e a s e d ;  whereas ,  
E i s i n g e r  and Navon found no i s o e m i s s i v e  p o i n t s  and a gradual s h i f t  o f  
a s i n g l e  f l u o r e s c e n c e .  Walker,  e t  j^l. found an i s o t o p e  e f f e c t  for  
1 - m e t h y l i n d o l e ; S t r y e r  found none.  Longworth found o n ly  1:1 com­
p l e x e s ;  Walker,  e t  aj .̂ found 1:2 complexes.  Walker,  e_t aj .̂ found an 
a c t i v a t i o n  energy  o f  8 .7  K cal/mole  f o r  the quenching p r o c e s s  in  Ĥ O 
and noted th a t  th e r e  was a marked change in the a c t i v a t i o n  energy  
measured in D2O. By the same procedure ,  Kirby and S t e i n e r  determined  
the a c t i v a t i o n  energy  to be 1 2 .5  K cal/mole  in  both and D2O.
At f i r s t  en co u n ter ,  the 3H-indole  model that  has been  
proposed may appear c o m p l ica ted .  The reason  i s  th at  the  c h o ic e  was 
made to i n t e r p r e t  the above c o n t r a d i c t o r y  data not in  terms of
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c a r e l e s s  e x p e r i m e n t a t io n  but in  terms o f  th e  s e n s i t i v i t y  o f  the  
r e a c t i o n s  t o  ex p e r im e n ta l  c o n d i t i o n s .  With t h i s  in  mind, we 
p r e s e n te d  a model th a t  has s u f f i c i e n t  f l e x i b i l i t y  to account  fo r  
what may be termed the  i r r e p r o d u c i b l e  chem is try  o f  i n d o l e .
When examined th orou gh ly ,  t h i s  model i s  both  c o n c e p t u a l l y  
a c c e p t a b l e  and com pat ib le  w i t h  p r e s e n t l y  a v a i l a b l e  d a ta .  I t  i s  not  
impl ied  th a t  t h i s  i s  a p e r f e c t  model.  There i s  much more exp er im en ta l  
s tudy req u ired  in  order  to  t e s t  i t s  v a l i d i t y  in  b a s i s  and d e t a i l .
We do o f f e r  the 3H - indo le  concept  as a working h y p o t h e s i s  and s u g g e s t  
t h a t  a l l  f u r t h e r  i n v e s t i g a t i o n s  o f  in d o l e  be undertaken w i th  the  
e x a c t i n g  t e c h n iq u e s  one u s u a l l y  a s s o c i a t e s  w i th  the c l a s s i c a l  
a n a l y t i c a l  chem is t .
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APPENDICES
Table  7.  I n d o le :  C a lc u la te d  s i n g l e t  s t a t e s  a f t e r  c o n f ig u r a t
i n t e r a c t i o n .
Indole









5 . 6 2 4 9
I4GQUUICY
cm- 1
3 4 1 5 1 . 0 7
39622.21
4 5 3 6 9 . 0 9
’J A V i L x i l C - T K
mmu
292.816 
2 5 2 . 3 0 4  
#-20 .  41 * r
C O C I l L A T G . t
o . G o / o3
u.CC7362 
- . 3 6 7  .'i3v
pcuu’izatic::
: :  y
- 0 . 7 1 5 7 3 7  - 0.69837  0.0  
0.069302  —0.45405  0.0  
- 0 . 8 5 7 0 7 1  - 0.51519  o . c
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Table  8 3H - indo le :  C a lcu la ted  s i n g l e t s  a f t e r  c o n f i g u r a t i o n
i n t e r a c t  i o n .
ro 
»-




A .  3 3 67  
4 . 0 9 3 2
iogiougocy wavelength
cmr l
3 1 9 3 7 . 2 8
3 4 9 7 8 . 8 3
3 9 4 6 7 . 3 9
r.mu
3 1 2 . 9 1 8
283.887
2 5 3 . 3 7 4
OSCILLATCH
u . a o o a t b  
0 . 1 v7cbv
YOLAYIZATIC;
Y
O .961668 0 . 2 7 4 2 1 7  G . O C C O  
- 0 .996958 —0 . 0 / 7 9 4 0 '  C . L 8 0 C
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T a b l e  V I n d o le  and 3H -indo le :  C a lc u la te d  t r i p l e t  s t a t e s  a f t e r
c o n f i g u r a t i o n  i n t e r a c t i o n .
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7 5 .  4 5 4 4 4 3 9 9 4 . 4 0 2 2 7 . 3 0 2
a 5 . e 5 6  4 4 7 2 3 6 .  4 9 2  I 1 . 7 0  1
9 e .  2 7 9 9 5  Ot> 5 2  .  2  5 1 9 7 . 4 2 6
10 6 .  3 4  5  1 5  I 1 0 0 .  2 3 1 9 5 . 3 6 8
11 6 .  5 3 9  7 5 2 7 4 e . 4 1 1 3 9 . 5 7 9
1 2 6 . 0 0 3 5 3 3 2 6 2 . 9 7 1 8 7 . 7 4 8
1 3 6 . 6 7 4 9 5 3 4 3 6 . 4 0 1 3 5 . 7 4 1
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1 6 7 .  6  0 4  7 6 1 3  3 7 . 7 7 I t  3 . 0 3 2
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2 ' . 7 . 9  7 7 3 6 4 3 4  7 .  2 3 1 5 5 . 4 0 7
2 1 B . 3 5 6  9 £ 7 4  6 5 .  2 5 1 4 8 .  3 5 6
2 2 H . 4 6 0 9 6 7 7 6 - 0 .  3 I 1 4 7 . 5 7 9
2 3 a . 4  7 3 6 6 5  J 6 6 . 5 6 1 4 6 . 2 2 0
2 4 a . 7 E 0 2 7 C  4 1 9 . 5 6 1 4  1 . 2 0 4
2 5 3 .  7 1 6 6 7 C B 7 C . B 8 1 4 1 . 1 0 2
2 6 d . 0 7 0 9 7 1 6 1 5 . 6 9 1 3 9 , 6  3 4
2 7 e .  0 0 S C 7 2 3 3 4 . 5 0 1 3 5 . 2 4 7
2 B 9 . 0 2 5 3 7 2 7 5  6 • 6 0 1 3 7 . 3 6 9
2 9 9 .  1 0 4  6 7  4  C 4 1 .  31 1 3 4 . 9  e 7
3 0 9 ,  J C  7 2 7 6  0 6  9 . B 1 1 3 3 . 2 0 9
3H-IND0LE
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E V r.v- 1
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I 2 . 2 3 5 6 1 8 * 3 1 TO 3 5  4 5 7 9
2 3 .  I 2 3 8 2  51 9 ‘ 71 3 9 6 “ 9  3
3 T>.  4 £ 3 9 2 ° 1  CC 3  a 3 5  5 0 6  7
4 3 . 6 9 9  3 2 9 - i ? £ 1 0 3 3 5 1 4 3
c 3 . 9 5 4 5 3 1 0  5 6 0 3 3 1 J 5 1 9
6 4 ,  * 0 o  7 2 c *> 4 3 7 0 2 0  1 3-4 7
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9 5 . 7 7 6 3 4  6 0 0 6 6 0 2 1 4 5 6  ?
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11 6 . 4 6 0 2 5 2 2 6 6 4 3 1 9 1 3 2 0
1 2 6 .  5 4 5 * 5 2 7 9 5 4 0 1 6 9 4 1 0
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1 4 6  .  T 7 7 1 5  4 6 6 2 9 0 1 0 2 S 3 ' >
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1 fl 7 . 7 6 7 s 6  2 6 5 4 0 3 1 6 ^ r  C 5
1 9 7 .  3 0 2  ? 6 2 5 3  1 4 5 1 5  0 9  0  3
2G 9 . 1 4  2 4 6 5 6 7 5 1 3 1 5 2 Z ' -  5
2 1 0 . 1 7 9 3 £ 5 9  7 3 0 6 1 5 1 5 T 7
2 2 0 , 1 9 0 9 £ 6 0 6 6 0 0 1 -j 1 3 6  4
2 3 e . 3 4 6 2 6 7 3  1 9 1 9 1 4  8 3 4  6
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F igure  34.  Laser-raman spectrum o f  c r y s t a l l i n e  i n d o l e .
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F igure  37.  P h o t o e l e c t r o n  spectrum o f  2 - m e t h y l i n d o l e .
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